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DECLARATION UNDER 37 C.F.R. § 1.132 
I, THOMAS UNGER, declare as follows: 

1. I studied medicine in Germany and the UK, and gained my M.D. from the University 
of Heidelberg, Germany in 1975. I then carried out postdoctoral research at the 
Clinical Research Institute of Montreal, Canada, and the Department of 
Pharmacology in Heidelberg, where I received my Ph.D. in Pharmacology in 1982. 
Prior to 1994, I held professorships in pharmacology and hypertension research at 
the University of Heidelberg. Between 1994 and 2001, 1 was Director of the Institute 
of Pharmacology at the University of Kiel, Germany. Between 2001 until 2006, 1 was 
Director of the Institute of Pharmacology and Toxicology, Campus Mitte of the 
Charite - Universitatsmedizin Berlin. I presently hold the Chair of Pharmacology and 
am Director of the Institute of Pharmacology at the Charite Berlin, as well as the 
Director of the Center for Cardiovascular Research (CCR) at the Charite, Beriin. I am 
also Chairman of the German Institute for High Blood Pressure Research in 
Heidelberg. 

2. I am a member of the German Societies of Pharmacology, Cardiology and 
Hypertension (Council Member 1995-2001), the International Society of 
Hypertension, the European Society of Hypertension (Council Member 1989-97), the 
European Council for Blood Pressure and Cardiovascular Research (President, 
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) Examiner Laura Lynne Stockton 
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200O-2) and the Inter-American Society of Hypertension. I am also a Fellow of the 
American Heart Association and was Chairman of the Angiotensin Gordon Research 
Conference in 1999. In recognition of my work in the hypertension field, I have 
received the following awards: The German Hypertension Society's Franz Gross 
Award for Hypertension Research (in 1989), the Meilahti Lecture Award of the 
Medical Faculty, University of Helsinki, Finland (in 1995), the Bj6m Folkow Award of 
the European Society of Hypertension (in 1999), and the Robert Tigerstedt Award of 
the Finnish Hypertension Society in 2005). 

3. I have authored or co-authored more than 600 scientific publications. I am or have 
been a member of the Editorial Boards of the following journals: American Journal of 
Physiology, Biochemical Pharmacology, Blood Pressure, Cardiovascular Drugs and 
Therapy, Clinical and Experimental Hypertension, Hypertension, Hypertension 
Research, Journal of Hypertension, Fundamental and Clinical Pharmacology, 
Physiological Genomics, Regulatory Peptides, High Blood Pressure & Cardiovascular 
Prevention. I attach a list of my publications as Exhibit A I believe that I am qualified 
to make this declaration. 

4. I act as a consultant for the Assignee of the present application, although all 
remuneration received for consultancy services is paid to the Charite - 
Universitatsmedizin Berlin, and not directly to me. Otherwise, any interest that I have 
in the assignee is as set out at the end of Kaschina et al in Circulation (2008) 118, 
2523-32 (copy attached as Exhibit B; see "Disclosures" section on last page). 

5. I have read the specification of the present application (originally published as 
international patent application WO 02/096883; copy attached as Exhibit C), as well 
as the claims that are pending as of the date specified below. I note that the main 
claim as pending relates to a group of compounds and that, according to what is 
stated in the present application, these compounds are angiotensin II (Angll) 
agonists, and more particularly agonists of the Angll subtype 2 receptor (also known 
as the AT2 receptor, see page 1, lines 6 to 9 and page 26, lines 10-13 of Exhibit C in 
this regard). To my knowledge, the compounds disclosed in the present specification 
are the first ever small molecule (i.e. non-peptide) AT2 receptor-specific agonists that 
have been described. 



6. AT2 agonism is empirically demonstrated by way of Examples 14 and 15 of the 
application as filed. Example 15 in particular states that title compounds of the 
Examples of the application were tested in Test C (see Exhibit C at page 34, lines 2 
to 7). This is a method described by Flemstrom et al in Am. J. Physiol. (1982) 243, 
G348-58 (copy attached as Exhibit D). Attenuation of the effect described in that 
assay by the known AT2 receptor antagonist PD123319 (see Exhibit C, Example 15 
at page 65) demonstrates that the positive effect observed (stimulation of duodenal 
mucosal alkaline secretion in barbiturate anaesthetised rats) must be due to agonism 
of the AT2 receptor. 

7. I have also read and understood the content of the pending Office Action in the 
present application as well as the prior art that has been cited by the Examiner. I 
note from the Office Action that the Examiner rejects the pending claims on the basis 
that they are allegedly obvious over European patent application EP 512 675 A1 
(hereinafter "Allen et ar). The Examiner states that the main difference between the 
compounds of Allen et al and the instantly claimed compounds is that the latter 
comprise a hydrogen atom (at the 2-position of the imidazole ring) whereas the prior 
art compounds comprise a lower alkyl group at the same position, and that the 
substitution of a hydrogen atom for a lower alkyl is not a patentable modification (see, 
Office Action mailed May 25, 2007, at page 7). 

8. Having read Aden et al, and in particular the assays described at page 45, line 57 to 
page 49, line 39, I note that the compounds disclosed therein are Angiotensin II 
receptor antagonists. Although it is not stated in Allen et al (presumably in view of 
the age of the document) which receptor subtype the compounds of that document 
bind to, in view of the screens and indications mentioned in that document, the 
suggestion is that it is AT1 . In any event, the compounds of Allen et al present quite 
different biological activity to the AT2 agonist activity exhibited by the presently- 
claimed compounds. 

9. I submit that there is nothing in the prior art (cited or otherwise) to suggest that 
making the modification referred to in the Office Action would lead not only to a 
switch from antagonism of a receptor to agonism of a receptor, but also to selective 



agonism of a different receptor subtype. This in itself is entirely unexpected to me 
as a person of skill in the art. 

The Examiner has also stated that Allen et a/ discloses that the compounds 
described therein may be useful in the treatment of hypertension and has pointed out 
that this is also one of the disease states mentioned in the instant specification (see 
Office Action mailed March 14, 2008, at pages 8 and 9). It is asserted by the 
Examiner that the Applicant is therefore claiming compounds that are useful for 
treating the "same" diseases/disorders that are taught by Alien et al. (see Office 
Action mailed March 14, 2008, at page 9). My reading of the Office Action is that the 
Examiner asserts that the skilled person would "expect' that the compounds would 
be useful in the treatment of, for example, hypertension, and that she wants to see a 
persuasive side-by-side showing of unexpected, beneficial and/or superior results for 
the presently claimed compounds over Allen et al. 

Although I shall deal with this aspect of the Examiner's rejection later, I firstly think 
that rt is necessary for me to provide a detailed explanation of why the unexpected 
difference in biological activity, based upon what is known in the art, is likely to make 
a huge difference in the clinical setting and that, accordingly, the noted change in 
activity gives rise to beneficial and superior results. 

Drugs that bind to physiological receptors and mimic the effect of the natural, 
endogenous ligand are termed agonists, whereas those that bind to receptors and do 
not mimic, but interfere with the binding of the endogenous ligand are termed 
antagonists. Pure antagonists are themselves devoid of any intrinsic (receptor 
stimulating) activity, but they produce effects by inhibiting the action of the natural 
ligand by competition for the ligand binding sites. (See, for example, E. M. Ross. 
Pharmacodynamics: Mechanisms of drug action and the relationship between drug 
concentration and effect in: J. G. Hardman et al (eds.): Goodman & Gilman's - The 
Pharmacological Basis of Therapeutics, 9 th Ed., McGraw-Hill, New York, 1996, at 
page 30, left column; copy attached as Exhibit E). 

As stated in Exhibit C at page 1, line 16 to page 2, line 10, Angll is an endogenous 
hormone that is a highly active component of the renin-angiotensin system (RAS). 



The RAS plays an important role in the regulation of inter alia blood pressure. Two 
main subtypes of Angll receptors (AT1 and AT2) have been identified, which appear 
to have opposing effects. 

14. Angll is a potent vasoconstrictor. When Angll is present in unphysiologically high 
amounts, vasoconstriction is caused by stimulation of the AT1 receptor by Angll (de 
Gasparo et at, Pharmacol. Rev., 2000, 52, 415-72, enclosed as Exhibit F; see the 
Introduction). This results in increased blood pressure (i.e., hypertension), which in 
turn promotes inflammation and fibrosis, and may lead to conditions such as 
hypertensive nephropathy and left ventricular hypertrophy (see Exhibit F at, for 
example, page 429). 

15. Thus, AT1 receptor antagonists (which are well known in the art to include drugs 
such as losartan, telmisartan, irbesartan, olmesartan and valsartan) act by blockade 
of the AT1 receptor and therefore compete with Angll, resulting in a lowering of blood 
pressure by way of a vasodilatory effect (see, for example, Exhibit F at pages 427 
and 428). In this way, the pathological chain of events that is initiated by Angll 
binding to the AT1 receptor is interrupted, and AT1 receptor antagonists are capable 
of counteracting the detrimental effects of overproduction of Angll, such as 
hypertension, inflammation, and fibrosis. 

16. On the other hand, stimulation of the AT2 receptor with an AT2 receptor agonist will 
have no effect on the binding of Angll to the AT1 receptor. AT2 receptor stimulation 
is instead known to have an effect on pathological chains of events occurring 
downstream of various receptors (not just the AT1 receptor) by interaction with 
second messenger cascades (see Exhibit F at pages 440 to 446, as well as the more 
recent review article by Steckelings et al in Peptides, 2005, 26, 1401-09, attached as 
Exhibit G). In this respect, AT2 agonism is likely to give rise to a much broader and 
clinically beneficial range of activity than is available from treatment with AT1 
receptor antagonists. 

17. There is recent evidence to suggest that, unlike AT1 receptor antagonists, AT2 
receptor agonists do not have a direct effect on the lowering of blood pressure and 
therefore hypertension (directly). I refer in this regard to Exhibit B (see Table 1). 



Instead, AT2 receptor agonists, such as those presently claimed are more likely to 
have a direct positive and more beneficial effect on the consequences of 
hypertension, such as inflammation, hypertrophy, and fibrosis, as mentioned above. 

18. To elucidate, it is well known that inflammatory responses are mainly induced by 
cytokines or chemokines (see Whiteside, Introduction to Cytokines as Targets for 
Immunomodulation, in House and Descotes (eds.). Cytokines in Human Health: 
Immunotoxicology, Pathology, and Therapeutic Applications, Humanapress, Totowa, 
New Jersey; 1 st edition (2007); copy attached as Exhibit H). Therefore, an increased 
synthesis of cytokines and chemokines is a substantial part of an inflammatory 
reaction. Synthesis of most cytokines and chemokines is promoted by the nuclear 
transcription factor NF-kB (see Ghosh and Hayden, Nature Reviews Immunology, 
2008, 8, 837-48; copy attached as Exhibit I). Stimulation of NF-kB activity is also part 
of the inflammatory response initiated by Angll via the AT1 receptor (see, for 
example, Skurk et al, in Arteriosder. Thromb. Vase. Biol., 2004, 24, 1199-203; copy 
attached as Exhibit J). 

19. Unlike AT1 receptor antagonists, AT2 receptor agonists are capable of directly 
inhibiting NF-kB activity (see, for example, Wu et al, Molecular Endocrinology, 18, 
666-78 (2004); copy attached as Exhibit K). In particular, AT2 receptor agonists 
counteract NF-kB activation by conventional cytokines, such as tumor necrosis 
factor-a (TNFa). In this way, the anti-inflammatory effect of AT2 receptor stimulation 
is broader than the anti-inflammatory effect of the AT1 receptor blockade, because 
AT1 receptor blockade is restricted to an attenuation of Angll-induced inflammation, 
unlike AT2 receptor stimulation. This is likely to give rise to a much more potent anti- 
inflammatory response in the clinic. 

20. Further, induction of hypertrophy and fibrosis by Angll and other growth factors is 
mediated by a cascade of intracellular phosphorylations exerted by various kinases. 
Unlike AT1 receptor antagonists, AT2 receptor agonists stimulate the activity of 
phosphatases, i.e., of enzymes catalysing dephosphorylation (see, for example, 
attached Exhibit G). Such phosphatases are then able to interfere with all kinds of 
signalling cascades that involve kinases. Thus, the range of effectiveness of AT2 
receptor agonists against hypertrophy and fibrosis is broader than is the case for AT1 



receptor antagonists because the AT2 receptor agonist's mode of action is not 
restricted to phosphorylation cascades activated by Angll, but is also involved in 
phosphorylation cascades induced by conventional growth factors. 

21 . Finally, and equally importantly, as stated in Exhibit C at inter alia page 2, lines 12 to 
29, the AT2 receptor has been shown to be involved in apoptosis, inhibition of cell 
proliferation and to play a beneficial role in tissue injuries, such as vascular injury, 
wounds, dyspepsia, irritable bowel syndrome and multiple organ failure. AT2 
receptor agonists are therefore of potential utility in some disease states that simply 
cannot be treated by AT1 receptor antagonists. 

22. In summary, potential AT2 receptor agonists are likely to have a much broader range 
of activity in the clinic than AT1 receptor antagonists for at least the following 
reasons. AT2 receptor agonists potentially: 

(a) are useful in the direct healing of organic diseases related to 
conditions such as hypertension; 

(b) give rise to a much broader range of anti-inflammatory and anti-fibrotic 
activity than is possible with AT1 receptor antagonists; and 

(c) are useful in the treatment of diseases that cannot be treated by 
simple blockade of the AT1 receptor. 

23. With reference to paragraph 10 above, I understand that the Examiner has 
expressed an interest in seeing a side-by-side comparison between a compound 
from Allen et al that is specifically identified by the Examiner as Compound 51 (see 
page 65 of Allen era/) and the compounds of the present application. 

24. I received Compound 51 from the Assignee during November 2008 and was asked to 
confirm that it is, as is stated in Allen et al, an Angll AT1 subtype receptor antagonist. 
I understand that the compound was synthesised under contract on behalf of the 
Applicant. The experiments set forth hereinafter were carried out under my 
supervision. 

25. Human primary dermal fibroblasts, which express both the AT1 and AT2 Angll 
receptor subtypes, were seeded in 6-well plates and grown to 80% confluence. Prior 



to stimulation, cells were serum-starved for 24 hours, lnterteukin-6 (IL-6) was used 
as an inflammatory marker and IL-6 mRNA expression was quantified by real-time 
RT-PCR after 10 hours of stimulation. A control group, and a vehicle only (DMSO) 
group, were employed for comparison. 

26. To verify the pro-inflammatory effect of Angll, cells were stimulated with Angll (100 
nM in DMSO) with or without pre-treatment with the known AT1 receptor antagonist 
irbesartan (10 uM in DMSO; hereinafter "Irb"; Sanofi-Aventis) for 30 minutes. The 
results are shown in the attached Fig. 1B (results designated "Ang II" and "Ang 
ll+lrb", respectively). As shown in this figure, Irb attenuates the pro-inflammatory 
effect of Angll. 

27. A similar experiment was carried out with Compound 51 of Alien et al (referred to as 
"UNV" hereinafter and in the attached figures). When cells were pre-incubated with 
UNV (1 mM in DMSO) for 30 minutes before adding Angll, the pro-inflammatory effect 
of Angll was also attenuated (see Fig. 1A; compare "Ang II" sample to "Ang+UNV" 
sample, p<0.02). This suggests that UNV is acting in the same way as Irb (i.e., as 
stated in Allen et al, it is an Angll antagonist). In order to demonstrate that this 
inhibition is mainly due to AT1 sub-receptor blockade and not AT2 receptor agonism, 
fibroblasts were first pre-incubated with the selective AT2 receptor antagonist 
PD 1233 19 (10 uM in DMSO; Sigma; see paragraph 6 above) for 30 minutes, 
followed by incubation with UNV and with Angll. As shown by the result designated 
"Angll+UNV+PD" of Fig. 1A, the effect of UNV on Angll induced IL-6 mRNA 
expression was not affected by the presence of an AT2 receptor specific antagonist 
(compare "Ang+UNV" to "Angll+UNV+PD", p > 0.35). This demonstrates that the 
attenuation observed in Fig. 1A (i.e. that designated "Ang+UNV") is due to binding of 
UNV to the AT1 receptor. The results are collated in Fig. 1C. 

28. As discussed at paragraph 6 above, the application as filed shows that compounds of 
the present application act as AT2 receptor agonists. In order to confirm this, and to 
show that UNV is not an AT2 receptor agonist, further experiments were performed in 
which cells were incubated with TNFa (10 ng/mL; designated TNFa in the attached 
figures) to augment IL-6 synthesis. I refer to paragraph 19 above as confirmation of 
the relevance of this experiment. 



29. Fibroblasts were treated either with TNFot alone or, additionally, were co-incubated 
with the compound of Example 1 of the instant specification (1 uM; called compound 
"021" in the attached figures), which I understand is the elected species in the 
present application. The results are shown in Fig. 2B, where it can be seen that 
compound C21 produces a marked attenuation of the effect on IL-6 expression by 
TNFa (compare results designated TNFa" and "TNFa+C21", p< 0.01). Further, this 
effect was reversed completely when fibroblasts were pre-incubated with the 
selective AT2 receptor antagonist PD123319 (10 uM; see Fig. 2B, compare "TNFa 
+C21" to TNFa+C21+PD", p < 0.0003) before incubation with compound C21 and 
TNFa. This experiment confirms that compound C21 attenuates the effect of TNFa 
on IL-6 synthesis by agonism of the AT2 receptor and, accordingly, that compound 
C21 is an AT2 agonist. 

30. A similar experiment was carried out with UNV (1 uM in DMSO). In contrast to the 
same experiment with compound C21, a marked increase in IL-6 expression was 
observed when the sample was co-incubated with UNV and TNFa (see Fig. 2A, 
compare results designated "TNFa" and "TNFa+UNV", p < 0.001). Further, this effect 
was not affected when fibroblasts were pre-incubated with the selective AT2 receptor 
antagonist PD123319 (10 uM in DMSO) before incubation with UNV and TNFa (see 
Fig. 2A, compare "TNFa+UNV" to "TNFa+UNV+PD"). This experiment confirms that 
UNV is not acting as an AT2 agonist. The results are collated in Fig. 2C. 

31 . As noted above, Allen et al generally describes their compounds as Angll receptor 
antagonists. Based on assays provided in that reference, Allen's compounds appear 
to act as an AT1 receptor antagonist. The reference is silent on whether their 
compounds can act as an AT2 receptor antagonist. Fig. 2C also shows the level of 
IL-6 mRNA production for fibroblasts that were pre-incubated with UNV (10 uM), 
followed by incubation with C21 (1 uM) and TNFa. The presence of UNV increased 
the level of IL-6 mRNA production from the level observed with C21 incubation alone, 
suggesting that UNV may have AT2 antagonist properties also (compare "TNFa + 
C21" to "TNFa + C21 + UNV"). 



32. In this respect, a structural change to the compounds of Allen et al to arrive at the 
presently-claimed compounds has resulted in a completely different (i.e. a change in) 
biological activity, changing an antagonist to an agonist. Moreover, the presently- 
claimed compounds are AT2 subtype specific, whereas Allen et afs Compound 51 
appears to act as an antagonist mainly via AT1, but also possibly via AT2. For 
compounds that affect Angll signalling, receptor subtype specificity is important so 
that the desired results (i.e., treating the consequences of hypertension such as 
inflammation) are targeted. As a direct consequence of this change in activity and 
receptor subtype specificity, the presently claimed compounds are likely, in my 
opinion, to have beneficial and superior properties in the clinical setting, for the 
reasons set out above. In view of this change in biological activity therefore, the 
structural difference between the compounds of Allen etai and the presently claimed 
compounds do give rise to unexpected, beneficial and superior results. 

33. The noted difference in biological activity, however, prevents a further side-by-side 
showing of unexpected results of the instantly claimed compounds in comparison to 
those disclosed by Allen ef a/. Such comparisons would require clinical trials which 
would not possible for ethical reasons (i.e. purely for reasons to obtain a patent). 

34. In my opinion, one of ordinary skill in the art seeking to develop AT2 receptor 
agonists for treating the consequences of hypertension, such as inflammation, 
hypertrophy and fibrosis would not have even looked to Allen et afs teaching 
regarding AT1 receptor antagonists, much less have been motivated to modify the 
disclosed AT1 receptor antagonist to arrive at the claimed AT2 receptor agonist 
compounds. Thus, I believe that it would not have been obvious from a fair reading 
of Allen et al, as a whole, to make the suggested structural modification to produce 
the claimed AT2 receptor agonist compounds, nor would one of ordinary skill in the 
art have had a reasonable expectation that the modification would succeed at 
producing the claimed AT2 receptor agonist compounds. 

35. It is for these reasons that I consider the claimed subject matter to be non-obvious 
over Allen et al. 



36. I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true and further, 
that these statements were made with the knowledge that wilful false statements and 
the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 18 of the United States Code and that such wilful false statements may 
jeopardise the validity of the application or any patent ispued thereon. 




Signed: Thomas Unger 



Day Month Year 



Place: Berlin. Germany 
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Angiotensin II Type 2 Receptor Stimulation 

A Novel Option of Therapeutic Interference With the Renin- Angiotensin 
System in Myocardial Infarction? 
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Background — This study is the first to examine the effect of direct angiotensin II type 2 (AT 2 ) receptor stimulation on 
postinfarct cardiac function with the use of the novel nonpeptide AT 2 receptor agonist compound 21 (C21). 

Methods and Results — Myocardial infarction (MI) was induced in Wistar rats by permanent ligation of the left coronary 
artery. Treatment with C21 (0.01, 0.03, 0.3 mg/kg per day IP) was started 24 hours after MI and was continued until 
euthanasia (7 days after MI). Infarct size was assessed by magnetic resonance imaging, and hemodynamic measurements 
were performed via transthoracic Doppler echocardiography and intracardiac Millar catheter. Cardiac tissues were 
analyzed for inflammation and apoptosis markers with irrununoblotting and real-time reverse transcription polymerase 
chain reaction. C21 significantly improved systolic and diastolic ventricular function. Scar size was smallest in the 
C21 -treated rats. In regard to underlying mechanisms, C21 dmiinished Ml-induced Fas-ligand and caspase-3 expression 
in the peri-infarct zone, indicating an antiapoptotic effect. Phosphorylation of the p44/42 and p38 rnitogen-activated 
protein kinases, both involved in the regulation of cell survival, was strongly reduced after MI but almost completely 
rescued by C21 treatment. Furthermore, C21 decreased Ml-induced serum monocyte chemoattractant protein- 1 and 
myeloperoxidase as well as cardiac interleukin-6, interleukin-lj3, and interleukin-2 expression, suggesting an 
antiinflammatory effect. 

Conclusions — Direct AT 2 receptor stimulation may be a novel therapeutic approach to improve post-MI systolic and 
diastolic function by antiapoptotic and antiinflammatory mechanisms. {Circulation. 2008;118:2523-2532.) 

Key Words: angiotensin ■ angiotensin AT2 receptor ■ myocardial infarction ■ pharmacology 



Controversy has always existed about the angiotensin n 
type 2 receptor (AT 2 R). Initially, after the first descrip- 
tion of the AT 2 R, it was assumed that the AT 2 R may be 
without any physiological function. It was not until 5 years 
after Its identification mat a first physiological function, 
antiproliferation, could be ascribed to the ATjR. 1 - 2 Today, it 
is widely accepted that, in many instances, the AT 2 R coun- 
teracts angiotensin XL type 1 receptor (ATjR)-mediated ac- 
tions, which in most cases is beneficial for the organism. 3 
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A number of animal studies and the Valsartan in Acute 
Myocardial Infarction (VALIANT) trial have shown that 
ATjR blockers improve survival and cardiac function after 
myocardial infarction (MX). A It has been speculated that the 
ATjR contributes to this effect because AT,R blockade leads 
to an increased synthesis of angiotensin H, which in turn 
stimulates the unopposed AT,Rs. However, results of animal 
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studies directly addressing the role of the AT 2 R in MI are 
again controversial: Although most studies claim that the 
AT 2 R improves postmfarct cardiac function, others report 
either no effect on the outcome or even deterioration. 5 

The inconsistency of data about AT 2 R actions may be due 
in part to the fact that detection and assignment of AT 2 R- 
mediated effects have always been difficult. AT 2 R-rnediated 
effects had to be examined either by treatment of cells or 
animals with angiotensin II under concomitant ATR block- 
ade, which resulted in complex experimental protocols, or 
they were examined in genetically altered animals either 
overexpressing or lacking the AT 2 R. The only currently 
available pharmacological AT 2 R antagonist, PD123319, lacks 
selectivity when applied at higher doses and has thus given 
rise to contradictory findings, especially when applied in 
vivo. 6 An experimental tool to directly stimulate the AT 2 R 
under in vivo conditions was lacking until now. 

In 2004, the synthesis of the first nonpeptide AT,R agonist 
(compound 21 [C21]) was published, a compound that allows 
investigators to specifically and selectively stimulate the 
AT 2 R in in vitro and in vivo settings. 7 With a Ki of 0.4 nmol/L 
for the AT 2 R and a >10 jumol/L f or the AT,R, this 
substance possesses high selectivity for the AT 2 R. 

The present study is the first to examine the role of the 
AT 2 R in post-MI cardiac function by direct AT 2 R stimulation 
in vivo with the use of the nonpeptide AT 3 R agonist C21. MI 
was induced in normotensive Wistar rats by permanent 
ligation of the anterior descending artery. After a 1-week 
treatment period, scar volume was assessed by magnetic 
resonance imaging, and hemodynamic function was assessed 
by echocardiography and Millar catheter. In a first attempt to 
address the underlying mechanisms of C21 actions, markers 
of inflammation and apoptosis were determined in cardiac 
tissue and plasma. To obtain a first qualitative estimate of the 
effectiveness of C21, we included a group of animals treated 
with the ATjR antagonist candesartan as a reference drug. 

Methods 

Animals 

Male normotensive Wistar rats (weight, 200 to 220 g; Harlan 
Winkelmann, Borchen, Germany) were kept in a specific pathogen- 
free barrier under standardized conditions with respect to tempera- 
ture and humidity and were housed on a 12-hour light/12-hour dark 
cycle in groups of 5 with food and water ad libitum. Animal housing, 
care, and applications of experimental procedures complied with the 
Guide for the Care and Use of Laboratory Animals of the State 
Government of Berlin, Germany. 

Myocardial Infarction 

Rats were anesthetized with ketamine/xylazine (Sigma Aldtich 
Chemie, Steinheim, Germany) 80 mg/10 mg/kg IP, intubated, and 
ventilated with a small-animal ventilator (Starling Ideal Ventilator, 
Harvard Apparatus) with room air at a rate of 75 cycles per minutes 
and a tidal volume of 300 ju.L. A left lateral thoracotomy was 
performed, and a suture was tightened around the proximal left 
anterior descending coronary artery. Sham-operated rats underwent 
the same surgical procedure with the exception of coronary ligature. 

Experimental Protocol 

Transdioracic Doppler echocardiography was performed 24 hours 
after MI to assess post-MI baseline cardiac function. For better 
comparability of outcome between groups, rats were assigned to 2 



different groups for later data analysis according to ejection fraction 
(EF): (1) rats with EF >35% and (2) rats with EF =£35%. All data 
presented in this study apply to animals with EF >35% unless 
indicated otherwise. After being allocated to a certain category with 
respect to EF, animals were further randomly assigned to the 
following treatments: (I) vehicle; (2) C21 (0.01; 0.03; 0.3 mg/kg per 
day; C21 was kindly provided by A. Hallberg, University of 
Uppsala, Uppsala, Sweden; C21 is now available from Vicore 
Pharma, Goteborg, Sweden); (3) C21+PD1233I9 (0.03 mg/kg C21; 
3 rug/kg PD123319); (4) candesartan (0.1 mg/kg per day); or (5) 
C21+ candesartan (0.03 mg/kg C21 ; 0.1 mg/kg per day candesartan). 
A low dose of candesartan (0.1 mg/kg per day) was chosen because 
in prior experiments of our group, this dose had shown beneficial 
functional and cellular effects after stroke without affecting blood 
pressure. Drugs were applied intraperitoneally once daily starting 24 
hours after Ml to allow for prior determination of EF under untreated 
conditions. After 7 days of treatment, animals were euthanized, and 
plasma and hearts were collected. Sham-operated animals served as 
controls. The number of animals per group was 12 at the time of 
euthanasia. To achieve this group size, a total of 29S rats underwent 
successful coronary occlusion. 

Transthoracic Doppler Echocardiography 

Transthoracic Doppler echocardiography (M-mode and Doppler 
measurements) was performed on days 1 and 7 after MI in anesthe- 
tized rats with the use of the high-resolution imaging system Vevo 
770 (VisualSonics Inc, Toronto, Canada). 8 For details, see the 
online-only Data Supplement. 

Determination of Left Ventricular and Scar 
Volumes by Magnetic Resonance Imaging 

Cardiac-triggered cine and scar magnetic resonance imaging was 
performed on a conventional clinical 3.0-T scanner (Philips Achieva 
CV 3.0 T, Best, Netherlands) equipped with a QuasarDual gradient 
system (80 mT/m; 200 mT/m per millisecond slew rate) and 
specifically designed software (release 2.5.1 with implementation of 
a small-animal software patch developed by GyroTools Ltd, Zurich, 
Switzerland). For details, see the online-only Data Supplement. 

Analysis of Hemodynamic Parameters 

On day 7 after MI, before euthanasia, rats were anesthetized with 
ketamine/xylazine (80 mg/10 mg/kg IP; Sigma). An SPR-407 Mikro- 
Tip pressure catheter transducer (Millar mstruinents, Houston, Tex) 
was passed through the right carotid artery and inserted into the aorta 
for the recording of heart rate and arterial pressure under constant 
pressure monitoring. The catheter was then advanced into the left 
ventricle for measurement of cardiac parameters. The catheter was 
connected via PowerLab/4 U (ADInsrmments, Spechbach, Ger- 
many) to a computer nmning MacLab (Chart 5 software). Data were 
recorded over 10 minutes, stored, and later analyzed with Chart 
software (Blood Pressure Module). 

Enzyme-Linked Immunosorbent Assay, 
Quantitative Real-time Reverse Transcription 
Polymerase Chain Reaction, and Western Blot 
Analysis 

Enzyme-linked immunosorbent assays for the detennination of 
plasma monocyte-chemoattractant protein- 1 and myeloperoxi- 
dase, real-time reverse transcription polymerase chain reactions 
for the measurement of mterleukrn (IL)-IB, IL-2, and IL-6 in 
cardiac tissue as well as H9C2 cells, and immanoblotting for the 
quantification of cardiac caspase-3, Fas ligand, phospho-p38 and 
phospho-p44/42 mitogen-activated protein kinases (MAPKs) 
were performed according to standard protocols. Details, primers, 
and antibodies can be found in the Methods section of the 
online-only Data Supplement. 
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Figure 1. Change of EF in individual animals from 
treatment start {day 1) to end of treatment (day 7). 



1 7 days after MI 



Cell Culture Experiments 

Neonatal rat cardiomyocytes (H9C2 cell line) were incubated for 10 
hours in high-glucose Dulbecco's modified Eagle's medium plus 
10% fetal bovine serum and treated with 10 ng/mL recombinant 
tumor necrosis factor-ct (TNF-a) to induce cytokine expression and 
mimic the post-MI inflammatory response in the heart Incubation 
was performed with or without coincubation with 1 OT" niol/L C21 or 
C21 plus 10" 5 rnol/L PD 1233 19. 

Statistical Analysis 

Results were expressed as mean±SEM. Multiple comparisons were 
analyzed with 1-way ANOVA followed by the Bonferroni post hoc 
test. Two-group comparisons were analyzed by the 2-tailed Student 
unpaired t test for independent samples. Differences were considered 
statistically significant at the value of P<0.05. 

The authors had full access to and take full responsibility for the 
integrity of the data. All authors have read and agree to the 
manuscript as written. 

Results 

Basal Parameters 

Fostinfarct mortality was 31%. Animal losses all occurred 
within the first 24 hours after MI before first echocardiogra- 
phy and before animals were assigned to certain treatment 
groups. No animals died on days 2 to 7 after MI. Mean EF 
was equal in all treatment groups at treatment start (Figure 1). 
Body and heart weight did not differ between treatment 
groups or between animals with or without MI (data not 
shown). 



Hemodynamic Measurements 

Hemodynamic parameters obtained on day 7 after Ml/sham 
by Millar catheter in animals with EF >35% after infarct are 
presented in Table 1 and Figure 2; those obtained in ardmals 
with severe impairment of cardiac function (EF <35%) are 
presented in Table I of the online-only Data Supplement. 

Heart rate, ventricular systolic pressure, and systolic and 
diastolic blood pressure were not significantly altered by any 
treatment regimen or surgical procedure. Infarcted animals 
presented with a significant decrease in contractility as well 
as in maximal (dP/d^) and minimal (dP/d^J peak rate of 
left ventricular pressure. Moreover, left ventricular end-dia- 
stolic pressure (LVEDP) was significantly increased as a 
result of MI. In vivo treatment of rats with the AT 2 R agonist 
CI 2 (0.03 or 0.3 mg/kg body wt) or with the AT]R antagonist 
candesartan (0.1 mg/kg body wt) significantly enhanced 
contractility, dP/dt^, and dP/dt Dlio , whereas LVEDP was 
reduced. The AT 2 R antagonist PD123319 attenuated the 
effect of C21 on contractility and in part, but not signifi- 
cantly, on dP/dt nJ „ and LVEDP but not on dP/dW The 
combination of C21 with candesartan was not superior to C21 
monotherapy. 

In animals with severe postinfarct impairment of cardiac 
function (EF ^35%), C21 (0.03 mg/kg body wt) still led to 
a significant improvement of LVEDP, contractility, dP/ 
dW, and dP/dt^t (Table I of the online-only Data 
Supplement). 



Table 1. Hemodynamic Parameters Measured by Miflar Catheter 7 Days After Ml 





Sham 
(*=12) 


Vehicle 
(n=12) 


C21 0.03 mg/kg 
(n=12) 


C21 0.3 mg/kg 
(n=12) 


Candesartan 0.1 
mg/kg (n=12) 


C21 + 
PD123319 
(n=12) 


C21 + 
Candesartan 
{n=12} 


VSP, mm Hg 


129±5 


115+3 


124+4 


112+5 


115+6 


117+7 


112+5 


LVEDP, mm Hg 


7.5±0.6 


22.9 ±1.5* 


13±1.6|| 


9.0±1.3|] 


18.8±1.7f 


15.7 ±1.0+ 


12,4±1.7H 


Contractility index, 1/s 


106 ±2.7 


67 ±2.9* 


96±2.5§ 


97±3.6§ 


81+2.3tli 


83±1.5t# 


95.2±3.4§ 


dP/dt^, mm Hg/s 


7532+321 


3664+114* 


6667+ 235§ 


6950±261§ 


5193±278±H 


4964 +214* 


62B0±319±|i 


dP/dt„i„ mm Hg/s 


6795+231 


2967 ±191* 


5129±277+§ 


5198±309§ 


3385±163* 


3861 +214f 


4805±315t|| 


SBP, mm Hg 


122±B 


115+.3 


124±6 


115±5 


115+7 


117±4 


114+6 


DBP, mm Hg 


86±2 


83 ±3 


86±3 


81 + 4 


80+6 


84+3 


84+5 


Pulse pressure, mm Hg 


35±2 


32±2 


37±3 


34±3 


35+2 


33±3 


30±3 


Heart rate, bpm 


239+5 


258 + 19 


232+10 


248+6 


252±10 


240 +8 


246+10 



VSP indicates ventricular systolic pressure; SBP, systolic Wood pressure; and DBP, diastolic blood pressure. 

VO.G05 vs sham; f P<0.005 vs sham; iP<0.05 vs sham; §P<0.0005 vs vehicle; H/^O.ODS vs vehicle; H/^0.05 vs vehicle; #P<0.05 vs C21. 
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Ffgure 2. Hemodynamic parameters measured by Millar catheter. PD indicates PD123319; Cand, candesartan. ###P<0.005 vs sham; 
***P<0.0005 vs vehicle; **P<0.005 vs vehicle; *P<0.05 vs vehicle. 



Transthoracic Doppler Echocardiography 

Measurements by transthoracic Doppler echocardiography con- 
firmed that no changes in heart rate could be found between 
groups (Table 2: Table II in the online-only Data Supplement). 

MI caused a significant increase in systolic (LVTDs) and 
diastolic left ventricular inner diameter (LVTDd) and peak 
velocity of early filling wave (E), whereas fractional 
shortening, EF, peak velocity of late filling wave (A), and 
E-wave deceleration time (EDT) were significantly re- 
duced (Table 2; Figure 3). Treatment with C21 (0.03 or 0.3 
mg/kg body wt; only 0.03 mg/kg body wt in rats with EF 



<35%) or with candesartan (0.1 mg/kg body wt) led to a 
significant improvement of all of these parameters with the 
only exceptions being LVIDd and A in rats with EF <35%. 
The pronounced effect of treatment with C21 on left 
ventricular wall kinesis and peak velocity of late filling 
wave is also clearly recognizable on the representative 
echocardiographic images shown in Figure 4A and 4B. 

The ATjR antagonist PD123319 completely or partly 
abolished the effects of C21 on LVIDs and LVTDd, fractional 
shortening, EF, E, A, E/A, and EDT (Table 2; Figure 3). 
Again, the combination of C21 and candesartan did not elicit 



Table 2. Transthoracic Doppler Echocardiography Measurements 7 Days After Ml 















C21 + 


C21 + 




Sham 


Vehicle 


C21 0.03 


C21 0.3 


Candesartan 0.1 


PD123319 


Candesartan 




(n=12) 


<n=12) 


mg/kg <n=12) 


mg/kg (n=12) 


mg/kg (n=12) 


(n=12) 


(n»12) 


LVIDd, mm 


7.1 ±0.1 4 


B.7+0.2* 


7.4±0.11§ 


7.5±0.11*§ 


7.8±0.09t[| 


8.1 + 0.3* 


7.7+ 0.25*11 


LVIDs, mm 


3.8±0.11 


6.3+0.2* 


4.5±0.18t§ 


4.3±0.12*§ 


5.2±0.2t]| 


6.0+0.3*** 


4.7+0.27*§ 


Fractional 


46.3±1.2 


26.1 ±1.6* 


39.0±1.Bt§ 


35.1±1.7*|| 


34.4±1.6*J] 


22.6±1.5*** 


34.2±31i| 


shortening, % 
















EF, % 


77±1.1 


49±2.0* 


67±2t§ 


63+2*j| 


61±2ffl 


43+2.4*# 


62.3±3.7*|| 


E, mm/s 


1099±27 


1560±29* 


1197+27*§ 


1040±26§ 


1219+42*§ 


1437±45*# 


1289±33t§ 


A, rrrm/s 


629 ±41 


271 ±24* 


586±46§ 


517±31*§ 


571+45§ 


285±44*# 


576+ 43§ 


E/A 


1.7 ±0.06 


5.7+0.4* 


2±1*§ 


2.2+0.0 8*§ 


2.1±0.07*§ 


5.0+13*** 


2.2±0.5*§ 


EDT, ms 


26 ±0.8 


15±0.5* 


22±1*|| 


20±0.5*|| 


21 ±1.511 


16.5+0.7*# 


20+o.a*|| 


Heart rate, 


372±14 


385±9 


374±7 


380±13 


378+10 


394±11 


388±10 



bpm 

*P<0.05 vs sham; fP< 0.001 vs sham; t/^0.0001 vs sham; §/><0.G001 vs vehicle; ||P<0.001 vs vehicle; 1|P<0.05 vs vehicle; #P< 0.0001 vs C21 ; **P<0.001 
vs C21. 
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Figure 3. Hemodynamic parameters measured by echocardiography. PD indicates PD123319; Cand, candesartan. ###P<0.O 
sham; "**P<a0001 vs vehicle; **P<0.001 vs vehicie; "P<0.05 vs vehicle; °° o P<0.0001 vs C21; °°P<0.D01 vs C21. 



any synergistic or additional effects. Whereas Figure 3 
illustrates differences in outcome between Irealmenl groups, 
the impact of different treatment regimens (vehicle, C21, 
candesartan) on EF in individual animals is shown in Figure 



1 (and Figure I in the online-only Data Supplement for 
animals with EF <35%). 

The effect of C21 on postinfarct cardiac function was dose 
dependent. Although 0.0 1 mg/kgbody wt was widely ineffective 
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Figure 4. A, Representative M-mode echocardio- 
grams. Note left ventricular dilatation, thinning, 
and akinesis of the anterior wall as well as hypo- 
kinesis of the posterior wall in vehicle-treated 
rats after Ml. C21 and candesartan prevented 
left ventricular dilatation and improved anterior 
and posterior wall motion. The effect of C21 was 
abolished by PD123319 cotreatment. B, Repre- 
sentative pulsed-wave Doppler spectra of mitral 
inflow. Note increased E velocity, rapid deceler- 
ation of E wave, and decreased A wave velocity 
in vehicle-treated rats after ME. C21 and cande- 
sartan treatment decreased E velocity, slowed 
deceleration of E wave, and restored A wave 
velocity. The effect of C21 was abolished by 
PD123319 cotreatment. C, Representative cine 
magnetic resonance images showing delayed 
enhancement magnetic resonance imaging 
(MR]}. Cand indicates candesartan. White arrows 
show segmental extent of scar tissue. 



(data not shown), cardiac function significantly improved with 0.03 
rngtcg body wt; further improvement was only slight, and did not 
occur in all cases, in animals treated with 0.3 mg/kg body wt 
(Tables 1 and 2). 

Magnetic Resonance Imaging 

Magnetic resonance imaging at day 7 after Ml/sham revealed 
that in the C21- but not in the candesartan-treated animals, 
scar size was significantly smaller than in vehicle-treated rats 
(Table 3, Figure 4C). Furthermore, C21, the combination of 
C21 plus candesartan, and, to a lesser extent, candesartan 
alone significantly improved EF (Table 3). 

Inflammation Markers 

Inflammation markers were measured (1) in plasma, (2) in cardiac 
tissue ex vivo, and (3) in fetal cardiomyocytes in vitro, as follows. 

1. Plasma monocyte chemoattractant protein- 1 (MCPr-1) and 
myeloperoxidase were significantly increased in rats after 
MI (Figure 5). In rats freated with C21, a significant 
reduction in MCP-1 and myeloperoxidase levels could be 
noticed compared with vehicle-treated animals. 

2. The proinflammatory cytokines IL-ljS, IL-2, and IL-6 
were determined by real-time reverse transcription 
polymerase chain reaction in the peri-infaret zone. 
Expression of all 3 cytokines was increased in hearts of 
infarcted, vehicle-treated animals (Figure 6). C21 treat- 
ment significantiy reduced expression levels of IL-1/3, 
IL-2, and IL-6 back to baseline levels or even below. In 



this experimental setting, C21 proved to be as effective 
as the AT : R antagonist candesartan. The effect of C21 
could be inhibited by cotreatment of animals with the 
AT 2 R antagonist PD123319. 
3. To show that the antiinflammatory effects of C21 were 
not secondary to any hemodynamic changes or to 
reduced infarct size, the antiinflammatory properties of 
C21 were corroborated in the fetal cardiomyocyte cell 
line H9C2. Cells were incubated for 10 hours with 
TNF-a (10 ng/mL) to mimic the mflamrnatory response 
after ML TNF-a treatment led to a significant increase 
in IL-6 expression in these cells (Figure 6D). Cotreat- 
ment of cells with C21 (10~ 6 mol/LM) significantly 
reduced TNF-a-induced IL-6 expression. This antiin- 
flammatory effect of C21 was inhibited by the ATJ* 
antagonist PD123319 (10" 5 mol/L). 

Apoptosis Marker 

The apoptosis markers Fas ligand and caspase-3 were mea- 
sured in cardiac tissue (peri-infarct zone) by immunoblotting 
(Figure 7). MI led to a significant increase in the expression 
of both markers. C21 and candesartan reduced this increased 
expression to a comparable extent. The effect of C21 was 
blocked by the AT 2 R antagonist PD123319. 

p44/42 MAPK, p38 MAPK 

One week after MI, the cardiac expression of phosphorylated 
p44/42 MAPK and p38 MAPK was reduced to undetectable 
levels in vehicle-treated rats (Figure 8). Whereas candesartan 



Table 3. Magnetic Resonance Tomography 7 Days After Ml 

Sham Vehicle C21 0.03 mg/kg Candesartan 0.1 mg/kg C21 + Candesartan 

(n=10) (n=10) (n=10) (n=1Q) (n=10) 

EF, % ™" 66.75±0.4 31.7±2.1* 54.4±1.9** 42.6+3*1- 51.3*3** 
Scar volume, % 20.5±1.5 14.6±1.4f 20.7±1.4 13.4+2.3 



V><0.0uD1 vs sham; fP<0.0S vs vehicle; + /*<0.0005 vs vehicle. 
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MPO 



MCP-1 




Figure 5. Myeloperoxidase (MPO) (A) and MCP-1 (B) levels in plasma estimated by enzyme-linked immunosorbent assay. Ml led to a 
significant increase in myeloperoxidase and MCP-1 levels, which could be significantly reduced by C21 (0.03 mg/kg per day IP (MPO: 
###P<0.001 vs vehicle, **P<0.01 vs C21; MCP-1: #P<0.05 vs vehicle, **P<0.01 vs C21; n=6 per group). 



treatment led to a slight increase in the expression of both 
MAPKs, C21 restored phospho-p44y42 and phospho-p38 
MAPK expression back to levels seen in sham-operated, nonin- 
farcted animals. This effect of C21 was almost completely 
blocked by cotreatment with the AT = R antagonist PD123319. 

Discussion 

Although it is unanimously accepted that stimulation of 
ATjRs contributes to tissue damage, inflammation, and un- 



favorable tissue remodeling after MI, data about the role of 
the AT 2 R in this context are controversial. 5 This is certainly 
owed to the fact that, until now, practicable and reliable tools 
to study AT 2 R actions by direct AT 2 R stimulation have not been 
available. Treatment with the natural ligand angiotensin II 
primarily elicits effects mediated by the dominating AT]R; the 
only available AT,R antagonist, PD123319, is nonselective 
at higher doses 6 ; and the only available AT 2 agonist, 
CGP421 12, is a peptide and furthermore has agonistic and 




-Myocardial infarction 



V V Cand C21 C21+PD 

Figure 6. Expression of IL-1£ (A), lL-2 (B), and IL-6 (C) in the peri-infarct zone in rat hearts. Ml caused a significant increase in the 
expression of all cytokines examined (sham vs Ml/vehicle [V]: §P<0.05, §§P<0.01; n=6 per group). Elevated expression levels were 
significantly reduced either by candesartan (cand; 0.1 mg/kg per day IP) or by C21 (0.03 mg/kg per day IP) (vehicle vs Cand: §P<0.05, 
§§P<0.01 ; vehicle vs C21: §P<0.05, §§P<0.01 ; n=6 per group). The effect of C21 was inhibited by cotreatment with PD12331 9 (PD; 3 
mg/kg psr day IP) (C21 vs C21 +PD: #P<0.05, ##P<0.01; n=6 per group). □, IL-6 expression in H9C2 neonatal rat cardiomyocytes. 
TNF-a-induced (10 ng/mL) iL-6 expression was significantly reduced by C21 (10~ E mol/L). The effect of C21 was abolished by cotreat- 
ment with PD123319 (PD; 10" 5 mol/L) (1 of 3 independent experiments; n=3 per group; §§P<0.01, #P=0.01). rel. indicates relative. 
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V V Cand C21 C21+PD V V Cand C21 C21*PD 

Figure 7. Western blot analysis of caspase-3 (A) and Fas-ligand (B) expression in the peri-infarct zone of rat hearts. Shown is 1 repre- 
sentative of 3 blots for each marker. Note the increase in caspase-3 and Fas-ligand expression after Ml which was suppressed by 
candesartan (Cand; 0.1 mg/kg per day IP) or C21 (Q.03 mg/kg per day IP). Cotreatment with PD123319 {PD; 3 mg/kg per day) blocked 
the effect of C21. V indicates vehicle. 



antagonistic properties, which renders the interpretation of 
in vivo data difficult. 

We present the first in vivo study using a specific and 
selective nonpeptide AT 2 R agonist, C21. 7 MI was induced in 
normotensive Wistar rats by permanent ligation of the left 
anterior descending coronary artery. Subsequently, animals 
were treated with C21 fox 1 week. Direct AT 2 R stimulation by 
C21 improved systolic and diastolic cardiac function after 
MI, coinciding with a smaller infarct scar in C21-treated 
animals compared with vehicle treatment. Whereas MI led to 
an impairment of all parameters measured by echocardiogra- 
phy (LVEDs, BF, fractional shortening for systolic function; 
LVIDd, E, A, E/A, EDT for diastolic function) or Millar 
catheter (contractility, dP/dW for systolic function; LVEDP, 
dP/dUo for diastolic function), respectively, treatment with 
C21 improved all of these parameters significantly without 




I ' IB. a Phospho-p«M2 MAPK 
|-IB:ep4#42MAPK 
w— ( - IB: a OAPOH 



Figure 8. Western blot analysis of phospho-p38 MAPK (A) and 
phospho-p44/42 MAPK (B) expression in the peri-infarct zone of 
rat hearts. Shown is 1 representative of 3 blots for each marker. 
Note the complete loss of phospho-p38 and phospho-p44/42 
MAPK expression after Ml. Phospho-p38 and phospho-p44/42 
MAPK expression was only partly restored by candesartan 
(Cand; 0.1 mg/kg per day IP), whereas C21 (0.03 mg/kg per day 
IP) led to an almost complete rescue of MAPK expression. 
Cotreatment with PD123319 (PD; 3 mg/kg per day) blocked the 
effect of C21 . V indicates vehicle. 



exceptiou. For most parameters, the effect of C21 could be 
inhibited by coti-catment with the established ATJL antagonist 
PD123319, thus providing good evidence that the effects seen by 
C21 treatment are indeed a result of specific AT 2 R stimulation. 

Previous studies addressing the role of the AT 2 R in cardiac 
function and remodeling after MI were performed primarily 
in genetically altered mice either overexpressing or lacking 
AT 2 Rs. 5 The vast majority of these studies report a beneficial 
effect of the presence of AT 2 Rs on cardiac function after ML 
For instance, Bove et al and Yang et al observed improved 
postinfarct cardiac function in AT 2 R-overexpressing mice, 
with NO apparently being of pivotal importance. 9 -' 1 Several 
other studies used male AT 2 R~/Y mice and reported a 
deteriorated outcome after MI compared with wild-type 
mice. 12 - 15 Xu et al 16 did not detect any differences between 
AT 2 R~/Y and AT2R + /Y mice 4 weeks after MI but detected 
an impaired response to AT[R blockers in AT 2 R"/Y. Ichihara 
et al 17 used male AT 2 R"/Y mice as well, but, in contrast to the 
other studies using this model, postinfarct scar area was 
reduced in knockout mice. Nevertheless, mortality in 
AT 2 R~/Y mice was higher than in wild-type mice as a result 
of an increased rate of cardiac ruptures within the first week 
after ligation. Between weeks 2 and 6 after MI, mortality rate 
was identical in AT 2 R~/Y and wild-type mice. 

Our study differs from those discussed above because these 
studies examined effects related to AT 2 R expression and not 
to specific receptor stimulation. Admittedly, there may be 
some endogenous postinfarct AT 2 R stimulation by elevated 
cardiac angiotensin IE levels. Furthermore, the AT 2 R has been 
reported to possess constitutive mtritisic activity, 18 and car- 
diac AT 2 R expression is increased after MI.' 9 ' 20 Still, the 
intensity of such an endogenous stimulation is very unlikely 
to reach the intensity achieved by stimulation with a specific 
agonist at an appropriate, pharmacological dosage. 

Apart from rats treated with different doses of C21, our 
study also included a group of animals treated with the AT,R 
blocker candesartan. We used an AT,R blocker as a reference 
drug (1) because of its proven efficacy in the improvement of 
postinfarct cardiac function as shown in animals and clini- 
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cally" and (2) because it ma}' interfere with the renin-angio- 
tensin system at least in part by indirect AT 2 R stimulation. 
We did nol intend lo compare the efficacy but rather the 
quality of actions of both drugs because, at present, with only 
very limited data and experimental experience with C21 
available, it is bard to define what an equally effective dose of 
C21 or candesartan would be. Nevertheless, in mild to 
moderate infarctions, both drugs restored a number of cardiac 
parameters back to levels in noninfarcted animals (ie, with 
regard to these parameters, both drugs elicited an equal 
maximal response) (E, A, E/A, EDT). In regard to those 
parameters, in which a maximal response was not achieved, 
thus allowing a "comparison" of C21 and candesartan actions 
(LVTDs, LVIDd, EDP, contractility, dP/dt^), the improve- 
ment by C21 was more effective than with candesartan. This 
outcome applied to systolic and diastolic function and may 
point to a superiority of C21. 

Outcome of animals treated with the combination of C21 
plus candesartan was not superior to that of animals treated 
with C21 alone, as may have been expected. A likely reason 
for this finding could be that C21 monotherapy already 
elicited a maximal functional improvement, which did not 
admit any further improvement. 

To examine the molecular mechanisms underlying the 
beneficial effect of C21 on post-MI cardiac function, we 
looked for a putative effect of this drug on the apoptolic and 
inflammatory response in the peri-infarct zone. 

MI led to a significant increase in Fas-Iigand and caspase-3 
expression in the infarct border zone. C21 significantly reduced 
the elevated, Mi-related Fas-ligand and caspase-3 expression, 
and tiiis effect could be blocked by the specific AT 2 R antagonist 
PD 1233 19. Because apoptosis is a major contributor in poslin- 
farct cardiac remodeling, including the development of infarct 
expansion,- 1 prevention of caidiomyocyte apoptosis by C21 may 
be a major molecular mechanism by which AT 2 R stimulation 
preserves cardiac function after MI. 

The MAPKs are involved in numerous cellular processes 
such as apoptosis, inflammation, proliferation, or hypertrophy 

In our study, we found diat the activity of p38 MAPK and 
p44/42 MAPK was reduced to undetectable levels 7 days 
after MI in vehicle-treated animals and that treatment with 
C21 was able to completely rescue p38 MAPK and p44/42 
MAPK expression in infarcted hearts. This effect was 
blocked by PD 1233 19, indicating again AT 2 R specificity of 
the C21 effect. The effect of candesartan was by far weaker 
than the effect of C21. 

Although MAPKs have traditionally been regarded as 
mediators of such processes as proliferation, apoptosis, and 
inflammation, recent data provided evidence dial MAPK 
activation can also result in beneficial effects directly op- 
posed to the aforementioned effects, namely, antiprolifera- 
tion, cell survival, and anti-inflammation. 22 In our experimen- 
tal setting, the rescue of p38 MAPK and p44/42 MAPK 
expression by C21 7 days after MI coincided with an 
improvement of cardiac function and a smaller scar size. 
Although this is an observation of coincidence, a causal 
relationship between MAPK activation and improved cardiac 
function is supported by a recent study by Tenhunen et al, 23 
in which the authors were able to improve postinfarct cardiac 



function by rescuing p38 MAPK expression through local 
adenovirus-mediated p38 MAPK gene transfer. Functionally, 
MAPK rescue reduced fibrosis and apoptosis (the latter shown 
by terminal deoxynucleotidyl transferase dUTP nick end label- 
ing staining and, as in our study, by a reduction of caspase-3"). 
Thus, the increase in p38 and p44/42 MAPK expression by C21 
may be part of its antiapoptotic effect after ML which is also 
reflected by a decrease in caspase-3 and Fas ligand. 

In the early phase alter acute MI, necrosis of cardiac cells 
sets into motion an inflammatory response that ultimately 
promotes fibrosis, scar formation, and thereby heart failure. 
C21 suppressed this postinfarct inflammatory response, as 
shown by a significant decrease in cytokine (MCP-1, IL-10, 
IL-2, IL-6) expression in plasma and the peri-infarct zone. 
Again, the effect of C21 could be blocked by the AT 2 R 
antagonist, indicating the AT 2 R specificity of this effect Be- 
cause it has been shown for other drugs that inhibition of die 
inflammatory response contributes to the preservation of cardiac 
function, it can be assumed that anti-inflammation may be 
another mechanism of action of AT 2 R stimulation by C21. 

It must be pointed out that this study was performed in 
normotensive rats and that no changes in blood pressure or 
heart rate occurred over the time of the experiment either by 
C21 at all doses used or by candesartan, which was given in 
a non-blood pressure— lowering dose. Therefore, the effects 
on cardiac function and cytokine and apoptosis markers as 
well as MAPK expression are unlikely to be caused by 
treatment-related hemodynamic changes. This notion is fur- 
ther supported by the inhibitory effect of C21 on IL-6 
expression in rat fetal cardiomyocytes in vitro (ie, in an 
experimental setting independent of any hemodynamic 
influences), 

In sum, (his is the first study to use a nonpeptide AT 2 R 
agonist for direct stimulation of the AT 2 R after MI in rats. 
Treatment with C21 over a period of 7 days led to a 
pronounced improvement of systolic and diastolic cardiac 
function coinciding with a smaller scar volume. Furthermore, 
C21 reduced apoptosis and acted in an anti-inflammatory 
manner, suggesting diat these mechanisms are contributing to 
the beneficial effect of AT 2 R stimulation. AT a R stimulation 
may thus represent a potential future therapeutic option for 
the improvement of postinfarct cardiac function but also for 
the prevention of end-organ damage in further organ systems. 

Limitations 

Because in our study infarct size has only been measured at 
the end but not before treatment, we cannot exclude an 
unmeasured difference in infarct size between groups at 
baseline, which may have influenced the outcome of the 
study. However, this possibility has been minimized by 
grouping of animals according to EF before the start of 
treatment to keep differences in mean EF between groups 
minimal. This procedure is based on die observation by us 
and others that EF correlated well widi infarct size (7*=0.671; 
P< 0.0001). 2A Moreover, assignment of animals to the respec- 
tive treatment groups was performed by an investigator who 
was blinded to the outcome of EF measurement in individual 
animals (only knowing -whether EF was >35% or <35%). 
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CLINICAL PERSPECTIVE 

Interference with the renin-angiotensin system is a very common, well-established, and successful concept of treatment in 
cardiovascular disease. All currently available and approved renin-angiotensm system-interfering drugs (angiotensin-converting 
enzyme [ACE] inhibitors, angiotensin II type 1 [ATJ receptor [AT ( R] blockers, renin inhibitors, aldosterone antagonists) aim at 
inhibition of the unfavorable effects of an overactivated renin-angiotensin system signaling via the ATjR. However, the 
remn-angioterisin system not only harbors the renin/ACE/A^R-aldosterone axis, which, when overstimulated, is involved in a 
huge variety of pathologies ranging from hypertension to end-organ damage or local processes in myocardial infarction and 
stroke; in fact, it also possesses a tissue-protective axis involving ACEj, Ang,_ 7 , and the AT, receptor (AT 2 R), which seems to 
counteract detrimental effects mediated via the ATjR but also iiitlainmation, hyperproliferation, or fibrosis in general. At present, 
no pharmacological tool is available to specifically stimulate this beneficial ACE 2 /Ang I . 7 /AT,R axis in vivo. The novel 
nonpeptide AT 2 R agonist compound 21 may be such a drug. The study presented here is the Erst to test the therapeutic potential 
of direct AT 2 R stimulation in a model of myocardial infarction. Compound 21 significantly improved cardiac function and 
resulted in a smaller scar size independent of any hemodynamic changes. Because compound 21 is a nonpeptide with a sufficient 
bioavailability («30%), it may be a suitable lead compound for the development of a drug for the blood pressure-independent 
treatment or prevention of end-organ damage in hitmaas. 
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tions, soch as dyspepsia, D3S and MOF, and cardiovascular disorders. 
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TRICYCLIC COMPOUNDS USEFUL AS ANGIOTENSIN n 
AGONISTS 

Field of the Invention 

This invention relates to novel phannaceutically-iiseful compounds, in 
particular compounds that are angiotensin II (Angll) agonists, more 
particularly agonists of the Angll type 2 receptor (hereinafter the AT2 
receptor), and especially agonists that bind selectively to that receptor. The 
invention further relates to the use of suchJc6rnpounds as medicaments, to 
pharmaceutical compositions containing them, and to synthetic routes to 
their production. 

Background and Prior Art 

The endogenous hormone Angll is a linear octapepfide (Asp^Arg^Val 3 - 
Tyr 4 -He 5 -His 6 -Pro 7 -Phe 8 ), and is the active component of the renin- 
angiotensin system (RAS). It is produced by the sequential processing of 
the pro-hormone angiotensinogen by renin and angiotensin converting 
enzyme (ACE). 

The renin-angiotensin system (RAS) plays an important role in the 
regulation of blood pressure, body fluid and electrolyte homeostasis. Aug H 
exerts these physiological actions in many organs including the kidneys, the 
adrenal glands, the heart, blood vessels, the brain, the gastromtestinal tract 
and the reproductive organs (de Gaspaxo et al, Pharmacol Rev. (2000) 52, 
415-472). 

Two main classes of Angll receptors have been identified, and designated 
as the type 1 receptor (hereinafter the ATI receptor) and the AT2 receptor. 
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The ATI receptor is expressed in most organs, and is "believed to be 
responsible for the majority of the biological effects of Angll. The AT2 
receptor is more prevalent than the ATI receptor in fetal tissues, the adult 
ovaries, the adrenal medulla and the pancreas. An equal distribution is 
5 reported in the brain and uterus (Ardaillou, J. Am. Soc. Nephrol., 10, S3 0-39 
(1999)). 

Several studies in adult individuals appear to demonstrate that, in the 
modulation of the response following Angll stimulation, activation of the 
10 AT2 receptor has opposing effects to those mediated by the AT 1 receptor. 

The AT2 receptor has also been shown to be involved in apoptosis and 
inhibition of cell proliferation (see de Gasparo et al, supra). Further, it 
seems to play a role in blood pressure control. For example, it has been 
15 shown in transgenic mice lacking AT2 receptors that their blood pressure 
was elevated. Furthermore, it has been concluded that the AT2 receptor is 
involved in exploratory behaviour, pain sensitivity and thermoregulation; 

The expression of AT2 receptors has also been shown to increase during 
20 pathological circumstances, such as vascular injury, wound healing and 
heart failure (see de Gasparo et al, supra). 

The expected pharmacological effects of agonism of the AT2 receptor are 
described generally in de Gasparo et al, supra. 

25 

More recently, AT2 receptor agonists have been shown to be of potential 
utility in the treatment and/or prophylaxis of disorders of the alimentary 
tract, such as dyspepsia and irritable bowel syndrome, as well as multiple 
organ failure (see international patent application WO 99/43339). 

30 
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Angll antagonists (which bind to the ATI and/or AT2 receptors) have been 
disclosed in inter alia European patent applications BP 409 332, EP 512 
675; international patent applications WO 94/27597, WO 94/02142, WO 
95/23792 and WO 94/03435; and US patent numbers 5,091,390, 5,177,074, 
5,412,097, 5,520,521, 5,260,285, 5,376,666, 5,252,574, 5,312,820, 
5,330,987, 5,166,206, 5 ? 932,575 and 5,240,928. AngH agonists, and 
particularly AT2 receptor agonists, are not contemplated in any of these 
documents. 

International patent application WO 00/68226 and US patent number 
6,235,766 disclose compounds comprising substituted imidazolyl groups, 
which groups are attached, via a methylene bridge, to a phenylthiophene 
moiety, as agonists of angiotensin-(l-7) receptors. International patent 
application WO 01/44239 discloses biphenylsulfonanride compounds as 
combined angiotensin and endothelin receptor antagonists. The use of the 
compounds as Aug II receptor agonists is neither mentioned nor suggested 
in any of these documents. 

US patent number 5,444,067 discloses compounds comprising a 5,7- 
dmiemyl-2-emylpyridinoimidazolyl group attached, via a methylene bridge, 
to a phenylthiophene moiety, as AT2 receptor agonists. The use of 
unsubstituted imidazole-eoniaining compounds is neither mentioned nor 
suggested. 

Peptide and non-peptide AT2 receptor agonists, unrelated stnicturally to 
those described herein, and potential uses thereof, have been disclosed in, 
for example, international patent applications WO 00/38676, WO 00/56345, 
WO 00/09144, WO 99/58140, WO 99/52540, WO 99/46285, WO 
99/45945, WO 99/42122, WO 99/40107, WO 99/40106, WO 99/39743, 



WO 02/096883 PCT/GB02/02563 

4 

WO 99/26644, WO 98/33813/WO 00/02905 and WO 99/46285; US patent 
number 5,834,432; and Japanese patent application JP 143695. 

However, there remains a need for effective and/or selective AT2 receptor 
5 agonists, which are expected to find utility in inter alia the above- 
mentioned conditions. 

Disclosure of the Invention 

id According to the invention there is provided a compound of formula I, 




wherein 

15 one of Xi and X 2 represents -N- and the other represents -C(R ! )-; 
X 3 represents -N- or -C(R 2 )-; 
X$ represents -N- or -C(R 3 )-; 

R 1 , R 2 and R 3 independently represent H, Ci_ 6 alkyl, Ci_ 6 alkoxy, 
C^ 6 alkoxy-Ci-g-alkyl or halo; 
20 provided that, when Xi represents -C(R X )-, X 3 represents -C(R 2 )- and X4 
represents -C(R 3 )-> then R 1 represents H; 
Yi, Y 2 , Y 3 and Y 4 independentLy represent -CH- or -CF-; 
Z l represents -CH-, -O-, -S-, -N- or -CH=CH-; 
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Z 2 represents -CH-, -O-, -S- or -N-; 
provided fhat: 

(a) Zi and Z 2 are not the same; 

(b) when Z t represents -CH=CH-, then Z 2 may only represent -CH- or 
— and 

(c) other than in the specific case in which Zi represents -CH=CH-, and 
Z 2 represents -CH-, when one Zi and Z2 represents -CH-, then fhe 
other represents -O- or — 

R 4 represents -S(0) 2 N(H)C(0)R 6 , -S(0) 2 N(H)S(0) 2 R 6 s -C(0)NCB)S(0)2R 6 , 
or, when Zi represents -CH=CH- S R 4 may represent 
-N(H)S(0) 2 N(H)C(0)R 7 or -N(H)C(0)N(H)S(0) 2 R 7 ; 

R 5 represents alkyl, Ci. 6 alkoxy, C : .6 alkoxy-Ci.s-alkyl or di-Ci- 3 - 
alfcylarnino-Ci^-alkyl; 

R 6 represents Q. 6 alkyl, C M alkoxy, C w alkoxy-Cj.g-alkyl, 

d. 3 alkoxy-Ci.s-alkoxy, Cue alkylamino or di-d.6 alkylamino; and 

R 7 represents alkyl, 

or a pharmaceutically-acceptable salt thereof, 

which compounds and salts are referred to together hereinafter as "the 
compounds of the invention". 

Pharmaceutically-acceptable salts include acid addition salts and base 
addition salts. Such salts may be formed by conventional means, for 
example by reaction of a free acid or a free base form of a compound of the 
invention with one or more equivalents of an appropriate acid or base, 
optionally in a solvent, or in a medium in which the salt is insoluble, 
followed by removal of said solvent, or said medium, using standard 
techniques (e.g. in vacuo or by freeze-drying). Salts may also be prepared 
by exchanging a counter-ion of a compound of the invention in the form of 
a salt with another counter-ion, for example using a suitable ion exchange 
resin. 
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Unless otherwise specified, alkyl groups, and the alkyl parts of alkoxy, 
alkoxyalkyl, alkoxyalkoxy, alkylaixdno and alkylarrnnoalkyl groups, as 
defined herein may be straight-chain or, when there is a sufficient number 
5 (i.e. a minimum of three) of carbon atoms, be branched-chain, and/ or cyclic. 
Further, when there is a sufficient number (i.e. a minimum of four) of 
carbon atoms, such groups may also be part cyclic/acyclic. Such alkyl 
groups, and alkyl parts of alkoxy, alkoxyalkyl, alkoxyalkoxy, alkylamino 
and aliylaminoalkyl groups, may also be saturated or, when there is a 
io sufficient number (i.e. a minimum of two) of carbon atoms, be unsaturated. 
Unless otherwise specified, such groups may also be substituted by one or 
more halo, and especially fluoro, atoms. 

For the avoidance of doubt, alkoxy and alkoxyalkoxy groups are attached to 
15 the rest of the molecule via the oxygen atom in that group, alkylamino 
groups are attached to the rest of the molecule via the nitrogen atom of the 
amino part of that group and alkylaminoalkyl and alkoxyalkyl groups are 
attached to the rest of the molecule via the alkyl part of that group. 

20 The term "halo", when used herein, includes fiuoro, chloro, bromo and iodo. 

Preferred ring systems comprising the substituents Yi, Y 2 , Y3 and Y4 
include phenyl groups. For the avoidance of doubt, the ring systems in 
compounds of formula I that comprise the groups Z x and Z 2 , are aromatic in 

25 nature. In some instances, for example in cases where one or more of Zi 
and Z2 represent -CH~ or -N- the skilled person will appreciate that an 
additional H atom may necessarily be bonded to that CH group or N atom, 
in order to ensure that the rules of valency are adhered to. Preferred ring 
systems comprising Z x and Z z include oxazole groups, thiazole groups, 

30 phenyl groups, pyridinyl groups, thiophenyl groups and furanyl groups. 
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la this respect, compounds of title invention may exhibit tantomerism. All 
tautomeric forms and mixtures thereof are included within the scope of the 
invention. 

Compounds of the invention also contain one or more asymmetric carbon 
atoms and may therefore exhibit optical and/or diastereoisomerism. 
Diastereoisomers may be separated using conventional techniques, e.g. 
chromatography or fractional crystallisation. The various stereoisomers 
may be isolated by separation of a racemic or other mixture of the 
compounds using conventional, e.g. fractional crystallisation or HPLC, 
techniques. Alternatively the desired optical isomers may be made by 
reaction of the appropriate optically active starting materials under 
conditions which will not cause racemisation or epimerisation, or by 
derivatisation, for example with a homochiral acid followed by separation 
of the diastereomeric derivatives by conventional means (e.g. HPLC, 
chromatography over silica). All stereoisomers are included within the 
scope of the invention. 

Preferred compounds of the invention include those in which: 

(i) when Xj represents -C^ 1 )-, then: 

(a) X 3 represents -C(R 2 )- and X4 represents -N-; 

(b) X 3 and X 4 both represent N; or 

(c) X 3 represents ~C(R 2 )- and X4 represents -C(R 3 )-; or 

(ii) when X t represents -N-, then 

(a) X 3 represents -N-; or 

(b) X 3 represents -C(R 2 ) and X4 represents -C(R 3 >- 
In case (i)(a) above, it is further preferred that R 1 represents H. 
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In case (ii)(a) above, when X4 represents -C(F^)- 3 it is jEurther preferred that 
R 3 represents H. 

Preferred compounds of formula I include those in which: 

R 1 represents C1.3 alkyl,. such as ethyl, -CF 3 or, especially, H; 

R 2 represents Ci_ 3 alkyl, such as methyl, halo, or, especially, H; 

R 3 represents Ci_ 3 alkyl, halo or, especially, H; 

Y u Y 2 , Y 3 and Y 4 all represent -CH-; 

Zi represents -S- or -CH=CH-; 

Z 2 represents -CH-; 

R 4 represents S(0) 2 N(H)C(0)R 6 ; 

R 5 represents jz-butyl or, particularly, iro-butyl; 

R € represents rc-butoxymethyl, fco-butoxy and especially, «-butoxy. 

Preferred ring systems comprising the substituents Xi, X 2 , X 3 and X4 
include pyrazole groups, imidazole groups, 1,2,4-triazole groups and 
tetrazole groups. 

Compounds of the invention that may be mentioned include those in which, 
when X 1( X 3 and X4 all represent -CH-, Y : , Y 2s Y 3 and Y 4 all represent 
-CH-, Zi represents -CH=CH- or, particularly, -S-, Z 2 represents -CH- and 
R 5 represents ra-buryl or, particularly, isobutyl, then R 4 represents 
-S(0) 2 N(H)C(0)R 6 , in which R 6 represents -O-zw-propyl (i.e. /ra-propoxy), 
-Cw'so-butyl (i.e. ^o-butoxy), -CH 2 -0-«-butyl (i.e. w-butoxymethyl) or, 
particularly, -O-Ti-butyl (i.e. n-butoxy). 

Compounds of the invention that may further be mentioned include those in 
which, when X 1( X 3 and X4 all represent -CH-, Yi, Y 2 , Y 3 and Y 4 all 
represent -CH-, Zi represents -CH=CH- or-S-, Z 2 represents -CH- and R 5 
represents «-butyl or zso-butyl, then R 4 does not represent 
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-S(0) 2 N(H)C(0)R 6 , in which R s represents -O-iso-propyl, -Owo-butyl, 
-CH 2 -0-«-butyl or-0-«-butyl. 

Further compounds of the invention that may he mentioned include those in 
5 which: 

R 4 does not represent -S(0) 2 N(H)S(0) 2 R 6 ; 

R 5 does not represent di-Ci_ 3 alkylammo-C^-alkyl; 

R 6 does not represent Ci_ 3 alkoxy-Ci_6 alkoxy. 

10 More preferred compounds of the invention include the compounds of the 
examples described hereinafter. 

Compounds of formula I may be made in accordance with techniques well 
known to those skilled in the art, for example as described hereinafter. 

15 

According to a further aspect of the invention there is provided a process for 
the preparation of a compound of formula I, which process comprises: 

(i) for compounds of formula I in which R 4 represents -S(O) 2 N(H)C(0)R 6 
20 or -S(0) 2 N(H)S(0) 2 R 6 , and R 6 is as hereinbefore defined, reaction of a 
compound of formula n, 




II 
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wherein Xj, X 2 , X 3 , X^ Yi, Y 2 , Y 3 , Y 4 , Z u Z 2 and R 5 are as hereinbefore 
defined with a compound of formula HI, 

K 6 GL 1 m 

wherein G represents C(0) or S(0) 2 (as appropriate), L 1 represents a 
suitable leaving group, such as halo (e.g. chloro or bromo) and R 6 is as 
hereinbefore defined, for example at around room temperature or above 
(e.g. up to 60-70°C) in the presence of a suitable base (e.g. 
pyroHidmopyridine, pyridine, Methylamine, tributylairrine, trxmethylamine, 
dimethylammopyridine, di-Zjo-propylamine, l,8-diazabicyclo[5.4.01undec- 
7-ene, sodium hydroxide, or mixtures thereof) and an appropriate solvent 
(e.g. pyridine, dichloromethane, chloroform, tetrahydrofuran, 
dhnethylformarnide, trifluoromethylbenzene or triethylamine). Preferred 
base/solvent systems for compounds of formula III in which G is C(O) 
include pyrolhdmopyridme/pyridine, pyroUidmopyridme/triemylanrine, 
dunethylanamopyridme/pyridine or dimemylammopyrio^e/lxiemylamine. 
Preferred base/solvent systems for compounds of formula HI in which G is 
S(0) 2 include NaOH/THF; 

(ii) for compounds of formula I in which R 4 represents -S(0) 2 N(H)C(0)R 6 
and R 6 represents Ci_ 6 alkoxy-Ci.g-alkyl, coupling of a compound of formula 
II as hereinbefore defined with a compound of formula IV, 

R 6a C0 2 H rv 

wherein R 6a represents Ci„ 6 a31coxy-Cj_6-alkyl, for example under sirnilar 
conditions to those described under process step (i) above, in the presence 
of a suitable coupling reagent (e.g. l,l'-carbonyl-diimidazole, N,N'- 
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dicyclohexylcarbodiimide, N,N'-disuccrrrimidyl carbonate, benzotriazole-1- 
yloxyiris(cmnethylamm^ 2-(l H- 

benzotriazole-l-yl)-l,l s 3,3-tetramefhylin , oiiiTJin hexafluorophosphate, 
benzotriazole- l-yl-oxy-tris-pyrroKdincHphospboniiim hexafluorophosphate, 
bromo-tris-pyrrolidinophospomum hexafluorophospltate or 2-(lH- 
benzotriazole-l-yl>l,l,3,3-tetramefhyluroniran tetrafiuorocarbonate), a 
suitable base (as mentioned in process step (i) above) and an appropriate 
solvent (as mentioned in process step (i) above); 

(iii) for compounds of formula I in which. R 4 represents -C(0)N(H)S(G) 2 R 6 
and R 6 is as hereinbefore defined, coupling of a compound of formula V, 




V 



wherein X x , X 2 , X 3 , X4, Y 1} Y 2 , Y 3) Y 4a Z u Z 2 and R 5 are as hereinbefore 
defined with a compound of formula VI, 

R 6 S(0) 2 NH 2 VI 

wherein R 6 is as hereinbefore defined, for example in the presence of a 
suitable coupling reagent (such as those described in process step (ii) 
hereinbefore), and under similar reaction conditions to those described 
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hereinbefore for preparation of compounds of formula I in which R 6 
represents Ci_ 6 allcoxy-Ci^-alkyl; 

(iv) for compounds of formula I in which R 4 represents -C(0)N(B)S(0) 2 R 6 
and R 6 is as hereinbefore defined, coupling of a compound of formula VII, 




VII 



wherein X u X 2 , X 3 , X4, Y u Y 2 , Y 3 , Y 4 , Zj, Z2 and R 5 are as hereinbefore 
defined with a compound of formula VHI, 

R 6 S(0) a Cl VIII 

wherein R 6 is as hereinbefore defined, for example at around 50°C in the 
presence of a suitable base (e.g. sodium hydride) and an appropriate organic 
solvent (e.g. THF); 



(v) for compounds of formula I in which R 4 represents 
-N(H)S(0) 2 N(H)C(0)R 7 and R 7 is as hereinbefore defined, reaction of a 
compound of formula IX, 
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wherein X 1? X 2 , X 3 , X4, Y b Y 2 , Y 3s Y 4 , Z b Z 2 and R 5 are as hereinbefore 
defined with a ccanpound of formula X, 

R 7 C(0)N(H)S(0) 2 C1 X 

wherein R 7 is as hereinbefore defined, for example at or around room 
temperature in the presence of a suitable base (e.g. sodium hydroxide or 
triemylamine) and a suitable organic solvent (e.g. benzene or 
dichloromethane); 

(vi) for compounds of formula I in which R 4 represents 
-N(H)C(0)N(H)S(0) 2 R 7 and R 7 is as hereinbefore defined, reaction of a 
compound of formula IX as hereinbefore defined with a compound of 
. formula XI, 

R 7 S(0) 2 N(H)C(0)OR x XI 

wherein R x represents Ci. 2 alkyl and R 7 is as hereinbefore defined, for 
example at or around room temperature in the presence of a suitable organic 
solvent (e.g. dichloromethane); 
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(vii) for compounds of formula I in which R 4 represents 
-N(H)C(0)N(H)S(0) 2 R 7 and R 7 is as hereinbefore defined, reaction of a 
compound of formula DC as hereinbefore defined with an isocyanate 
compound of formula XEL, 

r 7 s(o) 2 nco xn 

wherein R 7 is as hereinbefore defined, for example at or around room 

temperature in the presence of a suitable organic solvent (e.g. 
dichloromethane); 

(viii) for compounds of formula I in which R 4 represents 
-S(0) 2 N(H)C(0)R 6 and R 6 represents Ci.g al^lamino, reaction of a 
compound of formula II as hereinbefore defined with an isocyanate 
compound of formula XIII, 

r^co xm 

wherein R 6 * is C u6 alkyl, for example at or around room temperature in the 
presence of a suitable base (e.g. sodium hydroxide or potassium hydroxide 
and an appropriate organic solvent (e.g. acetone or acetonitrile); or 

(ix) for compounds of formula I in which R 4 represents 
-S(O) 2 N(H)C(0)R 6 and R 6 represents di-C^ allcylamino, reaction of a 
corresponding compound of formula I in which R 4 represents 
-S(0) 2 N(H)C(0)R 6 and R 6 represents Ci_ 6 alkoxy with an arnine of formula 
XIV, 



R 6c N(H)R 6 



XIV 
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wherein R fo and R 6d independently represent Ci. 6 alkyl, for example at 
above room temperature (e.g. at between 70°C and 100°C) in the presence 
of an appropriate organic solvent (e.g. toluene). 

Compounds of formula II may be prepared by reaction of a compound of 
formula XV, 



SO z NH 2 

/ XV 



(OH) 2 B^^ r 



wherein R 5 , Z 1 and Z 2 are as hereinbefore defined, or a N-protected 
derivative thereof, with a compound of formula XVI, 




XVI 



wherein L 2 represents a suitable leaving group, such as irimethylsulphonate, 
or halo, such as iodo or bromo, and Xi, X 2 , X 3 , X4, Yj, Y2, Y 3 and Y 4 are as 
hereinbefore defined, for example in the presence of an appropriate 
coupling catalyst system (e.g. a palladium catalyst, such as Pd(PPh 3 )4 or 
Pd(OAc) 2 /ligand (wherein the Hgand may be, for example, PPh 3 , P(o~Tol) 3 
or l,l'-bis(diphenylphosphino)ferrocene)) and a suitable base (e.g. sodium 
hydroxide, sodium carbonate, potassium carbonate, cesium carbonate, 
triemylamine or di-fco-propylamine)), as well as a suitable solvent system 
(e.g. toluene, ethanol, dimethoxymethane, dimethylformamide, ethylene 
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glycol dimethyl ether, wafer, dioxane or mixtures thereof). This reaction 
may be carried out at above room temperature {e.g. at the reflux temperature 
of the solvent system that is employed). If a- protected version of a 
compound of formula XV is employed, this reaction may be followed by 
5 deprotection of the S0 2 NH~group under standard conditions, for example as 
described hereinafter. 

Compounds of formula II may alternatively be prepared by reaction of a 
compound of formula XVH, 

10 




XVII 



H 



wherein Xi, X 2 , X 3 and X4 axe as hereinbefore defined with a compound of 
formula XVIII, 

15 




XVIJ! 



wherein Y b Y 2j Y3, Y 4 , Z Is Z2, R 5 and L 1 are as hereinbefore defined (L l , in 
particular, may represent bromo), or a N-protected derivative thereof, for 
20 example at around or below room temperature in the presence of a suitable 
base (e.g. potassium hydroxide) and an appropriate organic solvent (e.g. 
DMSO). If a protected version of a compound of formula XVm is 
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employed, this reaction may be followed by deprotection of the SO2NH- 
group under standard conditions, for example as described hereinafter. 
Additionally, compounds of formula II in which Z\ is -CH=CH- and Z 2 is 
-CH- may be prepared in this way, for example according, or analogously, 
5 to processes described in inter alia US patent number 5,312,820. Further, 
compounds of formula II in which Zi is -S- and Z 2 is -CH- may be 
prepared in this way for example according, or analogously, to processes 
described in inter alia UK patent application GB 2281298. 

10 Compounds of formula V may be prepared by oxidation of a compound of 
formula XIX, 




XIX 



15 wherein Xj, X 2 , X 3 , X4, Y ls Y 2 , Y 3 , Y 4 , Z u Z 2 and R 5 are as hereinbefore 
defined, for example under standard oxidation conditions in the presence of 
a suitable oxidising agent, such as potassium permanganate or chromium 
(VI) oxide. 

20 Compounds of formulae VIE and IX may be prepared by reaction of a 
compound of formula XVI as hereinbefore defined with (in the case of a 
compound of formula VII) a compound of formula XX, 
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C0NH 2 



(OH) 2 B- 



XX 



or (in the case of a compound of formula IX) a compound of formula XXI, 



wherein, in both cases, Z l5 Z 2 and R 5 are as hereinbefore defined, or N- 
protected derivatives thereof, for example under similar conditions to those 
described hereinbefore for preparation of compounds of formula II (first 
10 process). If protected versions of compounds of formulae XX and XXI are 
employed, these reactions may be followed by deprotection of the NH- 
group under standard conditions (e.g. acid hydrolysis). 




NH 2 



XXI 



5 



Compounds of formula XVI may be prepared by standard techniques, for 
15 example by way of reaction of a compound of formula XVII as hereinbefore 
defined with a compound of formula XXII, 
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wherein Y u Y 2 , Y 3 , Y 4 , L 1 and L 2 are as hereinbefore defined, for example 
under similar conditions to those described hereinbefore in respect of 
preparation of compounds of formula II (second process). 

5 Compounds of formula XVffl are known in the art. For example, they may 
be prepared according, or analogously, to processes described in inter alia 
US patent number 5,3 12,820, UK patent application GB 2281298, and/or by 
reaction of a compound of formula XV as hereinbefore defined with a 
compound of formula XXIII, 

10 

OH 




XXIII 



wherein Yi, Y 2 , Y 3 , Y 4 and L 2 are as hereinbefore defined, for example 
under similar conditions to those described hereinbefore in respect of 

15 preparation of compounds of formula II (first process), followed by 
conversion of the OH group in the resultant intermediate to an appropriate 
leaving group, L 1 (e.g., in the case where L 1 is bromo, conversion may be 
carried out by reaction with CBr 4 , for example at or around room 
temperature in the presence of a base (e.g. triphenylphosphine) and a 

20 suitable organic solvent (e.g. DMF)). 

Compounds of formula XIX may be prepared by reaction of a compound of 
formula XVI as hereinbefore defined with a compound of formula XXEV, 
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CHO 



(OH) 2 B- 




XXIV 



wherein Z\ 9 Zz and R 5 are as hereinbefore defined, or a protected (at the 
aldehyde part) derivative thereof, for example under similar conditions to 
those described hereinbefore for preparation of compounds of formula II 
(first process). If a protected version of a compound of formula XXIV is 
employed, this reaction may be followed by deprotection of the CHO-group 
under standard conditions (e.g. acid hydrolysis). 

Compounds of formulae XV, XX, XXI and XXIV and protected derivatives 
thereof may be prepared by reaction of a corresponding compound of 
formula XXV S 



wherein R y represents -S(0) 2 NH 2 , -C(0)NH 2 , -NH 2 or -CHO (as 
appropriate) andR 5 , Zj and Z 2 are as hereinbefore defined, or an appropriate 
protected derivative thereof, with a reagent system that will enable the 
introduction of the -B(OH) 2 into the appropriate ring system. Suitable 
reagent systems include trialkylborates (e.g. tri-iso-propylborate). Such 
reactions may be carried out, for example, at low temperature (e.g. between 
-100°C and 0°C, e.g. between -80°C (such as -78°C) and -10°C (such as 
-20°C)) in the presence of a suitable base (e.g. ra-butyl lithium) and an 




XXV 
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appropriate organic solvent (e.g. THF), followed by acid hydrolysis (e.g. in 
the presence of dilute HC1). 

Compounds of formula XXV are available using known techniques. For 
5 example: 

(a) Compounds of formula XXV in which R y represents -S(0) 2 NH 2 , 
-C(0)NH 2 or -CHO, and protected derivatives thereof, may be 
prepared by reaction of a compound of formula XXVI, 



XXVI 



wherein R ya represents -S(O) 2 ]S0H 2 , -C(0)KH 2 or -CHO and Z x and 
Z 2 are as hereinbefore defined, or a protected derivative thereof, with 
15 a compound of formula XXVII, 



R 5 L 3 XXVII 

wherein L 3 represents a suitable leaving group (such as 
20 toluenesulphonate, benzenesulphonate, methanesulphonate or halo, 

such as bromo or iodo) and R 5 is as hereinbefore defined, for 
example at below room temperature (e.g. between around -35°C and 
around -85°C), in the presence of a suitable base (e.g. w-butyl 
lithium) and an appropriate solvent (e.g. THF). 



25 
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(b) Compounds of foimula XXV in which R y is -S(0) 2 KH 2 and N- 
protected derivatives thereof may be prepared by reaction of an 
appropriate compound of formula XXVIII, 



wherein R 5 , Zj and Z 2 are as hereinbefore defined with an 
appropriate reagent for introduction of a — S(0) 2 NH 2 group into the 
appropriate ring system (for example chlorosulphonic acid, or thionyl 
chloride in the presence of a suitable strong base (e.g. butyl lithium)), 
followed by reaction of the resultant intermediate with ammonia, or a 
protected derivative thereof (e.g. ferZ-butylamine), under conditions 
that are well known to those skilled in the art. 

(c) Certain protected derivatives (e.g. alkyl, such as Ci„ 6 alkyl, for 
example tert-butyl, protected derivatives) of compounds of formula 
XXV in which R y represents -C(0)NH 2 may be prepared by reaction 
of a compound of formula XXVUI as hereinbefore defined, with a 
compound of formula XXIX, 



alkyl group, including Ci.e alkyl, e.g. tert-hutyl, for example at low 
temperature (e.g. — 7S°C to around 0°C), in the presence of a suitable 
base (e.g. /z~butyl lithium) and an appropriate solvent (e.g. THF). 




XXVIII 



R z N=C=0 



XXIX 



wherein R z represents an appropriate protecting group, such as an 
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(d) Certain protected derivatives (e.g. alkyl, such as Q-e alkyl, for 
example tert-hutyl, protected derivatives) of compounds of formula 
XXV in which R y represents -C(0)NH 2 may also be prepared by 
reaction of a compound of formula XXX, 



XXX 

5 

wherein R 5 , Zj and Z 2 are as hereinbefore defined with a protected 
(e.g. an (e.g. Ci_ 5 ) alkyl, such as fe^-butyl-protected) derivative of 
ammonia (e.g. tert-butylamhie) under standard coupling conditions 
(see, for example, those described hereinbefore for preparation of 
compounds of formula I (process step (iii)))- Compounds of formula 
XXX are known in the art or may be prepared by way of standard 
techniques, for example oxidation of a corresponding compound of 
formula XXV in which R y is -CHO e.g. under those conditions 
described hereinbefore for preparation of compounds of formula V. 

(e) Compounds of formula XXV in which R y is -dHO, Zi represents 
-CH=CH- and Z 2 represents -CH-, and protected derivatives thereof, 

20 may be prepared by reaction of a compound of formula XXVUI in 

which Zi represents -CH=CH- and Z 2 represents -CH- with an 
appropriate reagent system for the introduction of an aldehyde group 
into the benzene ring (e.g. TiCL/CHCls, SnCyCHaCk or 1,3,5/7- 
azaadamantane/TFA) under standard reaction conditions, followed 

25 by (if appropriate) protection of the resultant benzaldehyde under 

standard conditions. 




10 
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(f) Compounds of formula XXV in which R y is -NH 2 , Zi represents 
-€H=CH- and Z 2 represents -CH-, and N-protected derivatives 
thereof, may be prepared by nitration of a compound of formula 
XXVUT in which Zi represents -CH=CH- and Za represents -CH-, 
5 followed by reduction of the resultant nitrobenzene and (if _ 

appropriate) protection of the resultant aminobenzene, all of which 
steps may be carried out under standard conditions. 



Compounds of formulae HI, IV, VI, VHI, X, XI, XII, XIH, XTV, XVII, 
10 XXII, XXHI, XXVI, XXVII, XXVm and XXIX are either commercially 
available, are known in the Hterature, or may be obtained either by analogy 
with the processes described herein, or by conventional synthetic 
procedures, in accordance with standard techniques, from readily available 
starting materials using appropriate reagents and reaction conditions. 

15 

Compounds of the invention may be isolated from their reaction mixtures 
using conventional techniques. 

It will be appreciated by those skilled in the art that, in the processes 
20 described above and hereinafter, the functional groups of intermediate 
compounds may need to be protected by protecting groups. 

Functional groups that it is desirable to protect include sulphonamido, 
amido, amino and aldehyde. Suitable protecting groups for sulphonamido, 
25 amido and amino include terf-butyloxycarbonyl, benzyloxycarbonyl, 2- 
trimethylsilylethoxycarbonyl (Teoc) or ferf-butyl. Suitable protecting 
groups for aldehyde include alcohols, such as methanol or ethanol, and 
diols, such as 1,3-propanediol or, preferably, 1,2-ethanediol (so forming a 
cyclic acetal). 



30 
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The protection and deprotection of functional groups may take place before 
or after a reaction in the above-mentioned schemes. 

Protecting groups may be removed in accordance with techniques that are 
well known to those skilled in the art and as described hereinafter. For 
example, protected componnds/intermediates described herein may be 
converted chemically to unprotected compounds using standard 
deprotection techniques (e.g. using trifhioroacetic acid, sulfuric acid, 
toluenesulfonic acid or boron trichloride). 

Persons skilled in the art will appreciate that, in order to obtain compounds 
of the invention in an alternative, and, on some occasions, more convenient, 
manner, the individual process steps mentioned hereinbefore may be 
performed in a different order, and/or the individual reactions may be 
performed at a different stage in the overall route (i.e. substituents may be 
added to and/or chemical transformations performed upon, different 
intermediates to those mentioned hereinbefore in conjunction with a 
particular reaction). This may negate, or render necessary, the need for 
protecting groups. 

The type of chemistry involved will dictate the need, and type, of t^otecting 
groups as well as the sequence for accompMshing the synthesis. 

The use of protecting groups is fully described in 'Trotective Groups in 
Organic Chemistry", edited by J W F McOmie, Plenum Press (1973), and 
"Protective Groups in Organic Synthesis", 3 rd edition, T.W. Greene & 
P.G.M. Wutz, Wiley-Interscience (1999). 
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Medical and Pharmaceutical Uses 



PCT/GB02/Q2563 



Compounds of the invention are useful because they possess 
pharmacological activity. The compounds of the invention are therefore 
5 indicated as pharmaceuticals. 

According to a further aspect of the invention there is thus provided the 
compounds of the invention for use as pharmaceuticals. 

10 In particular, compounds of the invention are agonists of Angll, more 
particularly, are agonists of the AT2 receptor, and, especially, are selective 
agonists of that sub-receptor, for example as may be demonstrated in the 
tests described below. 

15 The compounds of the invention are thus expected to be useful in those 
conditions in which endogenous production of Angll is deficient and/or 
where an increase in the effect of Angll is desired or required. 

The compounds of the invention are further expected to be useful in those 
20 conditions where AT2 receptors are expressed and their stimulation is 
desired or required. 

The compounds of the invention are further indicated in the treatment of 
conditions characterised by vasoconstriction, increased cell growth and/or 
25 differentiation, increased cardiac contractility, increased cardiovascular 
hypertrophy, and/or increased fluid and electrolyte retention. 

The compounds of the invention are further indicated in the treatment of 
stress-related disorders, and/or in the improvement of microcirculation 
30 and/or mucosa-protective mechanisms. 
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Thus, compounds of the invention are expected to be useful in the treatment 
of disorders, which may be characterised as indicated above, and which are 
of, for example, the gastrointestinal tract, the cardiovascular system, the 
5 respiratory tract, the kidneys, the eyes, the female reproductive (ovulation) 
system and the central nervous system (CNS). 

Disorders of the gastrointestinal tract that may be mentioned include 
oesophagitis, Barrett's oesophagus, gastric ulcers, duodenal ulcers, 

10 dyspepsia (including non-ulcer dyspepsia), gastro-oesophageal reflux, 
irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), 
pancreatitis, hepatic disorders (such as hepatitis), gall bladder disease, 
multiple organ failure (MOF) and sepsis. Other gastrointestinal disorders 
that may be mentioned include xerostomia, gastritis, gastroparesis, 

15 hyperacidity, disorders of the bilary tract, coelicia, Crohn's disease, 
ulcerative colitis, diarrhoea, constipation, colic, dysphagia, vomiting, 
nausea, indigestion and Sjogren's syndrome. 

Disorders of the respiratory tract that may be mentioned include 
20 inflammatory disorders, such as asthma, obstructive lung diseases (such as 
chronic obstructive lung disease), pneumonitis, pulmonary hypertension and 
adult respiratory distress syndrome. 

Disorders of the kidneys that may be mentioned include renal feilure, 
25 nephritis and renal hypertension. 

Disorders of the eyes that may be mentioned include diabetic retinopathy, 
premature retinopathy and retinal microvascularisaiion. 
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Disorders of the female reproductive system that may be mentioned include 
ovulatory dys&nction. 

Cardiovascular disorders that may be mentioned include hypertension, 
cardiac hypertrophy, cardiac failure, artherosclerosis, arterial thrombosis, 
venous thrombosis, endothelial dysfunction, endothelial lesions, post- 
balloon dilatation stenosis, angiogenesis, diabetic complications, 
microvascular dysfunction, angina, cardiac arrhylfomias, claudicatio 
intermittens, preeclampsia, myocardial infarction, reinfarction, ischaemic 
lesions, erectile dysfunction and neomtima proliferation. 

Disorders of the CNS that may be mentioned include cognitive 
dysfunctions, dysfunctions of food intake (hunger/satiety) and thirst, stroke, 
cerebral bleeding, cerebral embolus and cerebral infarction. 

Compounds of the invention may also be useful in the modulation of growth 
metabolism and proliferation, for example in the treatment of hypertrophic 
disorders, prostate hyperplasia, autoimmune disorders, psoriasis, obesity, 
neuronal regeneration, the healing of ulcers, inhibition of adipose tissue 
hyperplasia, stem cell differentiation and proliferation, cancer (e.g. in the 
gastrointestinal tract, lung cancer, etc), apoptosis, tumours (generally) and 
hypertrophy, diabetes, neuronal lesions and organ rejection. 

The compounds of the invention are indicated both in the therapeutic and/or 
prophylactic treatment of the above conditions. 

According to a further aspect of the present invention, there is provided a 
method of treatment of a condition in which endogenous production of 
AngH is deficient, and/or a condition where an increase in the effect of 
Angll is desired or required, and/or a condition where AT2 receptors are 
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expressed and their stimulation is desired or required, which method 
comprises administration of a therapeutically effective amount of a 
compound of the invention to a person suffering from, or susceptible to, 
such a condition. 

The compounds of the invention will normally be administered orally, 
intravenously, subcutaneously, buccally, rectally, dermally, nasally, 
tracheally, bronchially, by any other parenteral route or via inhalation, in a 
pharmaceutically acceptable dosage form. 

When the condition to be treated is multiple organ failure, preferred routes 
of administration are parenteral (e.g. by injection). Otherwise, the preferred 
route of administration for compounds of the invention is oral, 

The compounds of the invention may be administered alone, but are 
preferably administered by way of known pharmaceutical formulations, 
including tablets, capsules or elixirs for oral adrmnistration, suppositories 
for rectal administration, sterile solutions or suspensions for parenteral or 
intramuscular administration, and the like. 

Such formulations may be prepared in accordance with standard and/or 
accepted pharmaceutical practice. 

According to a rurther aspect of the invention there is thus provided a 
pharmaceutical formulation including a compound of the invention, in 
admixture with a pharmaceutically acceptable adjuvant, diluent or carrier. 



Compounds of the invention may also be administered in combination with 
other AT2 agonists that are known in the art, as well as in combination with 
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ATI receptor antagonists that are known in the art, such, as losartan, or in 
combination with an inhibitor of angiotensin converting enzyme (ACE). 

According to a further aspect of the invention, there is provided a 
5 combination product comprising: 

(A) a compound of the invention; and 

(B) an AT 1 receptor antagonist, or an ACE inhibitor, 

wherein each of components (A) and (B) is formulated in admixture with a 
pharmaceuticalry-acceptable adjuvant, diluent or carrier, 

10 

Such combination products provide for the administration of compound of 
the invention in conjunction with an ATI receptor antagonist, or an ACE 
inhibitor, and may thus be presented either as separate formulations, 
wherein at least one of those formulations comprises compound of the 
15 invention, and at least one comprises ATI receptor antagonist, or ACE 
inhibitor, or may be presented (i.e. formulated) as a combined preparation 
(i.e, presented as a single formulation including compound of the invention 
and ATI receptor antagonist or ACE inhibitor). 

20 Thus, there is further provided: 

(1) a pharmaceutical formulation including a compound of the invention 
and an ATI receptor antagonist, or an ACE Inhibitor, in admixture with a 
pharmaceutically-acceptable adjuvant, diluent or carrier; and 

25 

(2) a kit of parts comprising components: 

(a) a pharmaceutical formulation including a compound of the invention, 
in admixture with a pharmaceutically-acceptable adjuvant, diluent or 
carrier; and 
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(b) a pharmaceutical formulation including an ATI receptor antagonist, 
or an ACE inhibitor, in admixture with a pharmaceutically- 
acceptable adjuvant, diluent or carrier, 

which components (a) and (b) are each provided in a form that is suitable 

for administration in conjunction with the other. 

Depending upon the disorder and patient to be treated and the route of 
adrmnistration, the compounds of the invention may be administered at 
varying doses. 

Although doses will vary from patient to patient, suitable daily doses are in 
the range of about 1 to 1000 mg per patient, administered in single or 
multiple doses. More preferred daily doses are in the range 2.5 to 250 mg 
per patient 

Individual doses of compounds of the invention may be in the range 1 to 
100 mg. 

In any event, the physician, or the skilled person, will be able to determine 
the actual dosage which will be most suitable for an individual patient, 
which is likely to vary with the condition that is to be treated, as well as the 
age, weight, sex and response of the particular patient to be treated. The 
above-mentioned dosages are exemplary of the average case; there can, of 
course, be individual instances where higher or lower dosage ranges are 
merited, and such are within the scope of this invention. 

Compounds of the invention have the advantage that they bind selectively 
to, and exhibit agonist activity at, the AT2 receptor. By compounds which 
"bind selectively" to the AT2 receptor, we include that the affinity ratio for 
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the relevant compound (AT2:AT1) is at least 5:1, preferably at least 10:1 
and more preferably at least 20:1. 

The compounds of the invention may also have the advantage that they may 
5 be more efficacious than, he less toxic than, be longer acting than, be more 
potent than, produce fewer side effects than, he more easily absorbed than, 
and/or have a better pharmacokinetic profile (e.g. higher oral bioavailability 
and/or lower clearance) than, and/or have other useful pharmacological, 
physical, or chemical properties over, compounds known in the prior art. 

10 

Biological Tests 

The following test procedures maybe employed. 
Test A 

15 Receptor Binding Assay using Rat Liver Membrane AT i Receptor 

Rat liver membranes were prepared according to the method of Dudley et al 
(Mol Pharmacol (1990) 38, 370). Binding of [ 125 I]Ang II to membranes 
was conducted in a final volume of 0.5 mL containing 50 mM Tris-HCl (pH 
7.4), 100 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 0.025% bacitracin, 0.2% 

20 BSA (bovine serum albumin), liver homogenate corresponding to 5 mg of 
the original tissue weight, [ 125 I]Ang II (70 000 cpm, 0.03 nM) and variable 
concentrations of test substance. Samples were incubated at 25°C for 1 h, 
and binding was terminated by filtration through Whatman GF/B glass-fiber 
filter sheets using a Brandel cell harvester. The filters were washed with 4 x 

25 2 mL of Tris-HCl (pH 7.4) and transferred to tubes. The radioactivity was 
measured in a gamma counter. The characteristics of the Aug II binding 
ATi receptor were determined by using six different concentrations (0.03-5 
nmol/L) of the labeled [ 125 I] Angll. Non-specific binding was determined in 
the presence of 1 uM Aug II. The specific binding was determined by 

30 subtracting the non-specific binding from the total bound [ 125 I]AngIL The 
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dissociation constant (K d = 1.7 ± 0.1 nM, |X] = 0.057 nM) was determined 
by Scatchard analysis of data obtained with Ang II by using GraFit 
(Erithacus Software, UK). The binding data were best fitted with a one-site 
fit. All experiments were performed at least in triplicate. 



TestB 

Receptor Binding Assay using Porcine Myometrial Membrane ATg 
Receptor 

Myometrial membranes were prepared from porcine uteri according to the 
method by Nielsen et al {Clin. Exp. Pltarm. Phys. (1997) 24, 309), Any 
possible interference that may be exhibited by binding of compound to ATi 
receptors was blocked by addition of 1 pM of a selective ATI inhibitor. 
Binding of [ 125 I]Ang II to membranes was conducted in a final volume of 
0.5 mL containing 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 10 mM 
MgCl 2s 1 mM EDTA, 0.025% bacitracin, 0.2% BSA, homogenate 
corresponding to 10 mg of the original tissue weight, [ m rjAng II (70 000 
cpm, 0.03 nM) and variable concentrations of test substance. Samples were 
incubated at 25°C for 1 h, and binding was terminated by filtration through 
Whatman GF/B glass-fiber filter sheets using a Brandel cell harvester. The 
filters were washed with 3 x 3 mL of Tris-HCl <pH 7.4) and transferred to 
tubes. The radioactivity was measured using a gamma counter. The 
characteristics of the Ang H binding AT 2 receptor was determined by using 
six different concentrations (0.03-5 nmol/L) of the labeled [ 125 I]Ang II. 
Non-specific binding was determined in the presence of 1 |oM Ang II. The 
specific binding was determined by subtracting the non-specific binding 
from the total bound [ 125 rjAng II. The dissociation constant (JQ = 0.7 ± 0.1 
nM, \L] = 0.057 nM) was determined by Scatchard analysis of data obtained 
with Ang II by using GraFit (Erithacus Software, UK), The binding data 
were best fitted with a one-site fit All experiments were performed at least 
in triplicate . 



WO 02/096883 



34 



PCT/GB02/02563 



TestC 

Duodenal Mucosal Alkaline Secretion Assay 

Compounds were exposed to the duodenal mucosa in barbiturate- 
anaesthetised rats prepared for in situ titration of duodenal mucosal alkaline 
secretion, according to the methodology described by Flernstrom et al in 
Am. J. Physiol. (19S2) 243, G348. 

The invention is illustrated by way of the following examples. 
Example 1 

■Ar-Butyloxycarbonyl-3-C4-imidazol- 1 -ylmethylphenyl)-5-;>c)-butylthio- 
phene-2-sulfonamide 

(a) Ar-fer^-Burylthiophene-2-sulfonamide 

Thiophene-2-sulfonyl chloride (15 g, 0.082 mol) was dissolved in CHC1 3 
(200 mL) under N 2 atmosphere and then cooled to 0°C. fert-Butylarnine 
(25.9 mL, 0.246 mol) dissolved in CHC1 3 (50 mL) was then added dropwise 
to the reaction, mixture. The reaction mixture was stirred for 1 h at room 
temperature and then at reflux for 10 min. Toluene (700 mL) was added 
and the organic phase was washed with water (3 x 50 mL), dried, and 
concentrated in vacuo. The sub-title product was used without further 
purification in the next step. 

: H NMR 8(CDC1 3 ): 7.60(1H, dd, J=1.3, 3.8 Hz), 7.53(1H, dd, J-1.3, 5.0 
Hz), 7.02(1H, dd, J=5.0, 3.8 Hz), 5.13(1H, m), 1.24 (9H, m) 
13 CNMR5(CDC1 3 ): 145.0, 131.7, 131.2, 127.0,55.1,29.9 

(b) 5-feo-Butyl-iV^ter^butyltMophene-2-sulfonamide 

A^fer^Butylthiophene-2-sulfonamide (10 g, 0.046 mol, see step (a) above) 
was dissolved in THF (85 mL) under N 2 and then cooled to -78°C. Ji-BnLi 
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(1.6 M, 76.9 mL, 0.12 mol) was added via a syringe. The reaction mixture 
was stirred at — 78°C for 30 min. and then at -40°C for 2 h. Iodo-2- 
methylpropane (10.5 mL* 0.09 mol) was added dropwise to the reaction 
mixture. The reaction mixture was stirred overnight at room temperature. 
5 The reaction was quenched with NH^Cl (aq.) and extracted with EtOAc. 
The combined organic phase was washed with brine and dried and 
concentrated in vacuo. The crude product was purified on column 
chromatography (hexanes:EtOAc (10:1)) to give the sub-title compound in 
55% yield (7.0 g, 0.025 mol). 
10 2 H NMR 5(CDC1 3 ): 7.43(1H, d, J= 3.6 Hz), 6.67(1H, d, J-3.8 Hz), 4.83(1H, 
m), 2.67(2H, d, J=7 Hz), 1.88 (1H, m), L26(9H, m), 0.93(6H, J-6.6 Hz). 
13 CNMR5(CDC1 3 ): 145.0, 131.7, 131.2, 127.0, 55.1,29.9 

(c) 5-/so-Butyl-2-(N-ferf-butylam^ 

15 5-iso-ButyUN-teri-hutyllMophen&~2-s^ (10.6 g, 0.039 mol, see 

step (b) above) was dissolved in THF (165 mL) under N 2 and then cooled to 
-78°C. w-BuLi (1 .6 M, 60.19 mL, 0.096 mol) was added via a syringe. The 
reaction mixture was stirred at -20°C for 4 h. The tri-wo-propylborate (13.3 
mL, 0.058 mol) was then added via a syringe and the reaction mixture was 

20 stirred overnight at room temperature. The reaction was quenched with 2 M 
HC1 (20 mL). The organic phase was separated and the water phase was 
extracted with EtOAc (3 x 100 mL). The combined organic phase was 
washed with brine, dried and concentrated in vacuo, The product was used 
without further purification. 

25 MS(ESlt) m/z: 236.8 

(d) l-(4-Bromobenzyl)-lH-hmdazole 

Dimethyl snlphoxide (20 mL; dried over 4A molecular sieve) was added to 
potassium hydroxide (2.24 g, 0.04 mol, crushed pellets) and the mixture 
30 was stirred for 5 min. Imidazole (0.5718 g, 0.0084 mol) was then added 
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and the mixture was stirred for 2 h. 4-Bromobenzyl bromide (3.25 g, 0.013 
mol) was added and the mixture was cooled briefly and stirred for a further 
1 h before water (20 mL) was added. The mixture was extracted with ether 
(3 x 100 mL) and each extract was washed with water (3 x 50 mL). The 
5 combined ether layers were dried over CaCl 2 and the solvent was removed 
in vacuo. The residue was chromatographed on silica gel with 
CHCl 3 :MeOH (30:1) plus 0.05% formic acid as eluent to give the sub-title 
product (1 .275 g, yield: 53%). 

! HNMR 5(CDC1 3 ): 7.73(3H, m), 7.28(3H, m), 7.1S(1H, m), 5.30(2H, s) 
10 13 C NMR 5(CDC1 3 ): 136.8, 134.8, 131.5, 129.3, 128.4, 121.5, 118.7, 49.4. 
MS(ESlt) m/z: 236.8 

(e) 3 -(4-Imidazol- 1 -ylmemylphenyl)-5^o-butyl-iV'-fer^-butylthiophene-2- 
sulfonamide 

15 5-^o-Butyl-2-(N-*ert-butyla acid (200.5 

mg, 0.628 mmol, see step (c) above), l-(4-hromobenzyl)-lH-imidazole 
(98,8 mg, 0.416 mmol, see step (d) above), toluene (15 mL), ethanol (15 
mL), NaOH (1.0M, 1.5 mL, 1.5 mmol) and Pd(PPh 3 ) 4 (14.5 mg, 0.125 
mmol) were mixed under N 2 . The mixture was warmed to reflux for 2 h. 

20 The mixture was diluted with EtOAc (50 mL), washed with water and brine, 
and dried over MgS0 4 . The solvent was removed and the residue was 
separated by column chromatography with cWorofonn:methanol (20:1) as 
an eluent to give 113.9 mg of the sub-title compound (yield: 63.27%). 
IR(neat): 3060, 2996, 1507 cm" 1 

25 *H NMR 5(CDC1 3 ): 7.39(lH,s), 7.35(2H, d, J=8.1 Hz), 6.98(2H, d, J=8.1 
Hz), 6.96(1H, s), 6.84(H, s), 6.47(H, s), 4.91(2H, s), 3.96(lH,s), 2.72(H, 
brs), 2.42(2H, d, J=7.1 Hz), 1.64(1H, m), 0.73(9H, s), 0.72(6H, d, J=6.9 Hz) 
13 CNMR5(CDC1 3 ): 148.6, 142.3, 137.2, 136.2, 135.1, 129.7, 129.4, 128.8, 
127.4, 1 19.2, 54.6, 50.6, 39.2, 30.5, 29.5, 22.1 



WO 02/096883 PCT7GB02/02563 

37 

MS(ESf) m/z: 431.9 Anal. Calcd. for C^B^O^: C, 58.8; H, 7.0; N, 
9.4. Found: C, 58.7.0; H, 6.7; N, 9.1. 

(f) 3-(4-ItrridazoI-l-ylmethyIphe^^ 

Trifmoroacetic acid was added (2 mL) to 3 -(4-imidazoI- 1 -ylmethylplienyl)- 
5-wo~butyl-iV'-fert-butyltMoph^e-2-sulfonainide (113 mg, 0.2618 mmol, 
see step (e) above) and one drop (ccl 0.05 mL) of anisole (ca. 0.05 mL) was 
added to the mixture. The reaction mixture was stirred under N 2 
atmosphere for 30 h and then evaporated and co-evaporated with 
acetonitrile until TLC showed that it was pure. The cmde product was used 
directly in the next step without further purification. 

*H NMR 5(CDC1 3 ): 7.70(lH,s), 7.57(2H, d, J=8.1 Hz), 7.19(2H 5 d, J=8.1 
Hz), 7.10(1H, s), 6.93(H, s), 6.73(H, s), 5.14(2H, s), 2.67(2H 3 d, J=7.1 Hz), 
2.62(H, brs), 1.94(1H, m), 0.97(6H, d, J=6.6Hz) 

13 ClMMR8(CDCl3): 148.4, 142.9, 137.2, 136.2, 134.6, 129.7, 129.3, 128.8, 
127.3, 1 19.2, 50.6, 39.2, 30.5 22.1 
MS(Ef) m/z: 375.9 

(g) jV"-Butylo^carbonyl-3-(4-imidazol-l-ylmethylpn^ 
phene-2-sulfonamide 

The crude 3-(4-iirridazol-l-ylmemylpheny^ 

sulfonamide from step (f) above was dissolved in pyridine (2 mL, dried 
over 4A molecular sieve). Pyrrolidmopyridine (40.52 mg, 0.2618 mmol) 
and butyl chloroformate (363.5 mg, 0.339 mL) were added to the mixture. 
The mixture was stirred overnight under a N 2 atmosphere at room 
temperature. Evaporation and co-evaporation with acetonitrile to remove 
the solvents and purification on column chromatography with 10% MeOH 
in chloroform as eluent gave the title compound (57,8 mg, 0.1217 mmol) in 
a 46.5% yield (over the last two steps). 
IR(neat): 3555.8, 3120.3, 2955.9, 1694.2, 1268.5 cm" 1 
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*H NMR S(CDC1 3 ): 7.96(lH,s), 7.57(2H, d, 1=7.9 Hz), 7.10(2H, d, J=7.9 
Hz), 6.89(H, s), 6.85CH, s), 6.74(H, s), 5.16(2H, s), 4.03(2H, t, J=6.6 Hz), 
2.71(2H, d, J=7.1 Hz), 1.940H, m), 1.51(2H,m), 1.25(2H, m), 0.98(6H, d, 
J=6.6 Hz), 0.87(3H, t, J=7.4 Hz) 
5 I3 C NMR 5(CDC1 3 ): 152.5, 158.4, 143.9, 136.4, 134.6, 133.0, 129.8, 128.9, 
127.3, 125.6, 119.6, 65.9, 51.2, 39.3, 30.6, 30.4, 22.3, 18.9, 13.7 
MS(Et) m/z: 476.0 Anal. Calcd for C23H29N3O4S2 H 2 0: C, 56.0; H, 6.3; N, 
8.5. Found; C, 56".4; H, 6.2; N, 8.6 

10 Example 2 

N-fco-Bu1yloxycarbonyl-3-(4-ir^ 
thiophene-2-sulfonamide 

30 mg of crude 3-(4-nru^azol-l-ylmethylphenyl)-5-wo-butyllMophene-2- 
sulfonamide (see Example 1(f) above) was dissolved in pyridine (1 mL, 

15 dried over 4A molecular sieve) and cooled on ice. PyrroHdmopyridine 
(11.8 mg, 0.080 mmol) and zso-butyl chloroformate (103.6 \xL, 0.80 ramol) 
were then added to the mixture. The mixture was stirred overnight under a 
N 2 atmosphere at 50°C. Evaporation and co-evaporation with acetomtrile to 
remove the solvents, followed by purification by column chromatography 

20 using 10% MeOH in CHC1 3 as eluent gave the title compound (27 mg, 
0.057 mmol) in 71% yield. 

X H NMR o(CD 3 OD): 8.18 (bis, 1H), 7.58 (d, 7= 7.9 Hz, 2H), 7.32 (d, J= 
7.9 Hz, 2H), 7.29 (brs, 1H), 7.17 (brs, 1H), 6.82 (s, 1H), 5.30 (s, 2H), 3.70 
(d, J= 6.6 Hz, 2H), 2.72 (d, J= 7.1 Hz, 2H), 1.93 (m, 1H), 1.76 (m, 1H), 
25 0.99 (d, J= 6.6 Hz, 6H), 0.81 (d, J= 7.4 Hz, 6H) 

13 C NMR 5(CD 3 OD): 155.7, 150.5, 145.2, 137.0, 136.4, 135.6, 131.0, 
130.5, 128.9, 126.6, 121.8, 73.0, 52.2, 40.0, 31.9, 29.1, 22.6, 19.3 
MS (ESI*) m/z: 476.0 
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Example 3 

JV"-/jo-PropyIoxycarbonyl-3"C4-imidazol- 1 -ylmethyIpIienyl)-5-^o-bii1yl- 
thiopliene-2- sulfonamide 

100 mg of crude 3-(4-imidazol-l-ylmefhylphenyl)-5-wo-bu1ylfMopherQe-2- 
siilfonamide (see Example 1(f) above) was dissolved in pyridine (4 mL, 
dried over 4A molecular sieve) and cooled on ice. PyrroKdinopyridine 
(39.5 mg, 0.266 mmol) and zso-propyl chloroformate (1M in toluene, 2.66 
mL, 2.66 mmol) were then added to the mixture. The mixture was stirred 
overnight under N 2 atmosphere at 50°C. Evaporation and co-evaporation 
with acetonitrile to remove the solvents, followed by purification using 
preparative LC/MS (30% acetonitrile to pure acetonitrile, reverse phase) 
gave the title compound (52.6 mg, 0.1 14 mmol). 

*H NMR 6(CD 3 OD): 8.16 (brs, 1H), 7.58 (d, J= 8.1 Hz, 2H), 7.34 (d, J = 
8.1 Hz, 2H), 7.32 (s, 1H), 7.18 (s, 1H), 6.84 (s, 1H), 5.32 (s, 2H), 4.72 (sep, 
J= 6.3 Hz, 1H), 2.73 (d, J= 7.1 Hz, 2H), 1.94 (m, 1H), 1.09 (d, J= 6.3 Hz, 
6H), 1.00 (d, J= 6.6 Hz, 6H) 

13 C NMR 8(CD 3 OD): 155.5, 151.0, 145.6, 137.2, 136.2, 135.0, 131.0, 
130.5, 128.9, 126.8, 122.0, 70.5, 52.1, 40.0, 31.9, 22.6, 22.1 
MS (ESI+) m/z: 462.0 

Example 4 

iV 1 (Butoxyacetyl)-3-(4-inndazol-l-ylmemylpbenyl)-5-^ 
sulfonamide 

CDI (l,l'-carbonyl-diimidazole, 129.5 mg, 0.80 mmol) was added to a 
solution of butoxyacetic acid (103.8 fiL, 0.80 mmol) in dry THF (4 mL). 
The mixture was stirred at 50°C for 2.5 h. A solution of 3-(4-imidazol-l- 
y]memylphenyl)-5-feo-butylmiophene-2-sulfonamide (see Example 1(f) 
above; 100 mg) and DBU (l,8-diazabicyclo[5.4.0]undec-7-ene, 19.9 uL, 
0.133 mmol) in dry THF (4 mL) was added to the reaction mixture. The 
reaction mixture was then stirred overnight at 50°C. MeOH (20 mL) was 
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added to the reaction mixture, which was then concentrated in vacuo. The, 
residue was dissolved in ElOAc (100 mL) and then washed with water (3 x 
50 mL), The organic phase was dried and evaporated. The crude product 
was purified by column chromatography using 10% MeOH in CHC1 3 as 

5 eluent to give the title compound (27 mg, 0,057 mmol). 

*H NMR 5(CD 3 OD): 7.96 (brs, 1H), 7.66 (d, J= 8.3 Hz, 2H), 7.30 (d, J = 
8.3 Hz, 2H), 7.21 (brs, 1H), 7.07 (brs, IB), 6.79 (s, 1H), 5.26 (s, 2H 5 ), 3.67 
(s, 2H,), 3.40 (t, J= 6.8 Hz, 2H), 2.66 (d, J= 6.9 Hz, 2H), 1.88 (m, 1H), 
1.48 (m, 2H), 1.29 (m, 4H), 0.96 (d, J= 6.6 Hz, 6H), 0.82 (t, J - 7.3 Hz, 

10 3H) 

13 C NMR 5(CD 3 OD): 178.3, 148.3, 143.4, 138.0, 137.3, 136.6, 131.1, 
130.3, 128.5, 128.2, 127.6, 121.4, 72.4, 72.3, 51.7, 39.9, 32.2, 31.8, 30.7, 
22.6,20.1,14.3 
MS (ESI 4 ) m/z\ 490.1 

15 

Example 5 

■ iV'-Bu1yloxyoarbonyl-3-(4-mi^ 
sulfonamide 

20 (a) 5-ButyltMophene-2-sulfonio acid fert-butylarnide 

^/-ter/-Butylthiophene-2-sulfonamide (5 g, 0.0228 mol, see Example 1(a) 
above) was dissolved in THF (43 mL) under N 2 and then cooled to -78 °C. 
rc-BuLi (1.6 M, 38.5 mL, 0.062 mol) was added via a syringe. The reaction 
mixture was stirred at -78 °C for 30 min and then at -40°C for 2 b. Iodo- 

25 butane (5.19 mL, 0.046 mol) was added dropwise to the reaction mixture. 
The reaction mixture was stirred overnight at room temperature, quenched 
with NH4CI (aq) and extracted with EtOAc. The combined organic phase 
was washed with brine, dried and concentrated in vacuo. The crude product 
was purified on column chromatography (HexrEtOAc 10:1) to give the sub- 

30 title compound in 46% yield (2.92 g, 0.01 1 mol). 
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J H NMR S(CDCfe): 7.41 3.6 Hz, 1H), 6.69 (d, J= 3.8 Hz, 1H), 4.96 

(m, 1H), 2.80 (d, J= 7.6 Hz, 2H), 1.65 (m, 2H), 1.37 (m, 2H), 1.26 (s, 9H), 
0.92 0,^=7.26 Hz, 3H) 

13 CNMR5(CDC1 3 ): 153.0, 141.7, 131.9, 124.0, 54.9, 33.4, 29.9,22.0, 13.6. 

(b) S-Butyl^-CiV^fertrbittyi acid 
5-Butylthiophene-2-sulfonic acid fert-butylamide (2.9 g, 0.010 mol, see step 
(a) above) was dissolved in THF (40 mL) under N2 and then cooled to 
-78°C. «-BuLi (1.6 M, 16.2 mL, 0.026 mol) was added via a syringe. The 
reaction mixture was stirred at -20°C for 4 hours. Tri-ta?-propyIborate 
(13.3 mL, 0.058 mol) was then added via a syringe and the reaction mixture 
was stirred overnight at room temperature. The reaction was quenched with 
2 M HC1 (20 mL). The organic phase was separated and the water phase 
was extracted with EtOAc (3 x 100 mL). The combined organic phase was 
washed with brine and dried and concentrated in vacuo. The product was 
used in the next step without further purification. 
MS (ESI*) m/z: 320.1 

(c) 3-(4-ImidazoM -yhTiemylphenyl)»5-butyl-7^-fer^butylthiophene-2" 
sulfonamide 

S-Butyl^^iV-fer^butylam acid (300 mg, 

1.27 mmol, see step (b) above), l-(4-bromobenzyl)-lH-imidazole (606 mg, 
1.90 mmol, see Example 1(d) above), toluene (15 mL), ethanol (4 mL), 
NaOH (1.0 M, 4.0 mL, 5.1 mmol) and Pd(PPh 3 ) 4 (43.9 mg, 0.038 mmol) 
were mixed under N 2 . The mixture was warmed to reflux for 2 hours, 
diluted with EtOAc (50mL), washed with water and brine, and dried over 
MgS04. The solvent was removed and the residue was separated by 
column chromatography using chloroform:me1hanol (20:1) as eluent The 
product was not completely pure but was used in the next step without 
further purification. 
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(d) 3-(4-Imida2a>l-l-ymiemyfy^^ 

Trifhioroacetic acid was added (10 mL) to the crude 3-(4~imidazol-l- 
y!m<^lphenyl)-5-bu1yW from step (c) 

5 above, and one drop (ca. 0.05 mL) of anisol was added to the mixture. The 
reaction mixture was stirred under N 2 atmosphere for 30 hours and then 
evaporated and co-evaporated with acetonitrile. The crude product was 
purified by column chromatography (CH 2 Cl 2 :MeOH (20:1)) to give sub- 
title compound (232 mg, 0.62 mmol) in 49% yield (from l-(4- 
10 bromobe:nzyl)-lH-imidazole). 

*H NMR S(CDC1 3 , CD 3 OD): 8.97(lH,s), 7.64-7.40 (m, 6H), 6.82 (s 9 1H), 
5.44 (s, 2H), 2.83 (t, J= 7.6 Hz, 2H), 1.68 (m, 1H), 139 (m, 1H), 0.95 (t, J 
= 7.26 Hz, 1H) 

13 C NMR 8(CDC1 3 , CD 3 OD): 150.3, 143.8, 136.9, 136.2, 134.9, 131.1, 
15 129.7, 129.3, 123.1, 121.5, 53.3, 34.4, 30.3, 22.9, 14.0 
MS (ES?~) m/z: 376.1 

(e) jV-Butyloxycarbonyl-3-(4-imidazol- 1 -ylmethylphenyl)^5-butylthio- 
phene-2-sulfonamide 

20 3-(4-Mdazol-l-ylmemylphenyl)-5-burylthiophene-2-sulfonamide (232 mg, 
0.62 mmol; see step (d) above) was dissolved in pyridine (3 mL, dried over 
4A molecular sieves). Pyrrohdinopyridine (91.6 mg, 0.618 mmol) and 
butyl chloroformate (785.7 uL, 0.618 mmol) were added to the mixture. 
The mixture was stirred overnight under a N 2 atmosphere at room 

25 temperature. Evaporation and co-evaporation with acetonitrile to remove 
•the solvents, followed by purification by column chromatography using 
10% MeOH in chloroform as eluent, gave the title compound (29 mg, 0.061 
mmol) in 10% yield- 

*H NMR 5(CD 3 OD): 7.94 (s, 1H), 7.63 (d, J= 8.1 Hz, 2H), 7.28 (d, J= 8.1 
so Hz, 2H), 7.20 (s, 1H), 7.06 (s, 1H), 6.8 (s, 1H), 5.25 (s, 2H), 3.88 (t, J= 6.3 
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Hz, 2H), 2.84 (t, J= 7.4 Hz, 2H), 1.68 (m, 1H), 1.44 (m, 4H), 1.26 (m, 2H), 
0.96 (t, ^= 7.3 Hz, 3H), 0.87 (t, ./= 7.3 Hz, 3H) 

i3 C NMR 6(CD 3 OD): 159.5, 150.2, 143.9, 138.4, 137,2, 136.6, 131.0, 
129.5, 128.5, 128.0, 121.4, 66.5, 51.7, 49.0, 34.7, 32.1, 30.5, 23.2, 20.1, 
14.1 

MS (ESI 4 ) m/z: 476.1 



Example 6 

iV r -Butyloxycarbonyl-2-(4-iinidazol- 1 -ylmethylphenyl)-4-z'.yo-butylbe!nzstie- 
sulfonamide 

(a) jy-fe/f-ButyM-fco-ta^ 

CMorosulfonic acid (28.6 roL, 0.43 mol) was added dropwise to stirred iso- 
butylbenzene (11.14 g, 0.083 mol) at 0°C. The reaction mixture was then 
heated to 40° C for 0.5 h, poured into ice-water (150 mL) and extracted with 
ethyl acetate (400 mL). The organic phase was washed with water and 
brine and dried over MgS0 4 . The solvent was removed in vacuo and the 
residue was dissolved in CHC1 3 (50 mL). To this stirred solution, tert- 
burylamine (43.7 mL, 0.416 mol) was added dropwise. The reaction was 
heated to reflux for 10 min and then cooled to room temperature. The 
reaction mixture was then diluted with toluene (200 mL) and washed with 
water and brine. The organic phase was dried over MgS0 4 and the solvent 
was removed in vacuo. Purification using column chromatography with 
hexaneracetone (4:1) as eluent yielded the sub-title compound as a white 
solid (12.0 mg, 0.045 mol) in 54% yield. 
IR (neat, cm" 1 ) v 3266, 2960, 2925, 2871, 1597, 1455 
*H NMR 5(CDC1 3 ): 7.84 (d, J= 8.4 Hz, 2H), 7.27 (d, J= 8.3 Hz, 2H), 5.11 
(brs, 1H), 2.55 (d, J= 13 Hz, 2H), 1.90 (m, 1H), 1.65 (m, 2H), 1.21 (s, 9H), 
0.92 (d, J = 6.6 Hz, 6H) 
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13 C HMR 8(CDC1 3 ): 146.4, 140.7, 129.9, 129.5, 126.8, 54.5, 45.1, 30.1, 
22.3 

MS (ESI 4 } m/r. 270.0 

Anal. Cald for C14H23NO2S: C, 62.42; H, 8.61; N, 5.20; O, 11.88; S, 11.90; 
5 Found: C, 62.2; H, 8.5; N, 5.2 

fb) 4-^o-Buiyl-2-CiV L fe^-butylaminosulfoD.yl)b&nze acid 

To a solution of ^-fer^-butyl-4-wo-butyl-benzenesijlfonainide (2.69 g, 10 

mmol, see step (a)) in THF (50 mL), rc-BuLi (15.6 mL, 1.6M, 25 mmol) was 

10 added dropwise at -78°C under an atmosphere of N 2 (g). The temperature 
was allowed to rise gradually to 0 D C over 2 h and was then kept at that 
temperature for 30 nun. The reaction mixture was then cooled to -40°C and 
tri-wro-propylborate (4.6 mL, 20 mmol) was added. The reaction mixture 
was stirred overnight at ambient temperature and was quenched with 2M 

15 HC1 (20 mL). The organic phase was separated and the water phase was 
extracted with EtOAc (3 x 100 mL). The combined organic phase was 
washed with brine and dried and concentrated in vacuo. The crude product 
was used in the next step without farther purification. 
MS (ESI*) m/z: 3 14.0 

20 

( c ) 2-(4-Imidazol- 1 -ylmemylphenyl)-4-^o-butyI-7V'-/g7^-butvlbenzene- 
• sulfonamide 

The crude product from step (b) above (1.2 g, 3.83 mmol), l-(4-bromo- 
benzyl)-lH~imidazole (98.8 mg, 0.416 mmol, see Example 1(d) above), 
25 Pd(PPh 3 ) 4 (29 mg, 0.25 mmol), NaOH (3 mL, 1M, 3 mmol), toluene (15 
mL) and ethanol (3 mL) were mixed under N 2 (g). The mixture was heated 
to reflux for 2 h. The reaction mixture was then diluted with ethyl acetate 
(150 mL) and washed with water and brine. The organic phase was dried 
over MgS0 4 and the solvent was removed in vacuo. Purification using 
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column chromatography with CHC1 3 : MeOH (20:1) as eluent yielded the 

sub-title compound (93 .7 mg, 0.220 mmol) in 53% yield. 

IR (neat, cm" 1 ) v 3379, 3293, 3153, 2955, 2868, 1701, 1596, 1505 

X H MrfR 8(CDC1 3 ): 8.05 (d, J= 8.1 Hz, 1H), 7.80 (s, 1H), 7.53 (d, J= 8.2 

Hz, 2H), 7.30 (m, 3H), 7.07 (m, 3H), 5.24 (s, 2H), 2.56 (d, J= 7.1 Hz, 2H), 

1.90 (m, 1H), 1.01 (s, 9H), 0.93 (d, J= 6.6 Hz, 6H) 

13 C !NMR 5(CDC1 3 ): 146.2, 139.9, 138.9, 138.8, 136.7, 135.5, 132.8, 130.3, 
128.4, 128.2, 127.9, 126.6, 119.5, 54.0, 50.6, 44.7, 29.8, 29.4, 22.0 
MS (ESI*) m/z: 426.1 

(d) 2-(4-Imidazol- 1 -ylmemylphenyl)-4-zgo-butylbenzene-stilfonamide 

To a solution of 2-(4-miid^zol-l-ylmemylphenyl)-4-wo-butyl-jV'-fe7f- 
butylbenzene-sulfonamide (0.211 mmol, 90.0 mg, see step (c) above) in 
CH 2 C1 2 (5 mL) was added BC1 3 (1 .5 mL, 1M, 1 .5 mmol) under N 2 (g). The 
mixture was stirred for 0.5 h. Water (50 mL) was added and the mixture 
was extracted with ethyl acetate (3 x 50 mL). The combined organic phases 
were washed with brine and dried over MgS0 4 and the solvent was 
removed in vacuo. The crude product was used directly in the next step 
without further purification. 

(e) jV"-Butyloxycarbonyl-2-r4-imidazol- 1 ••ylmethylphenyl)-4-g5 r O"butyI- 
benzenesulfonamide 

The crude product from step (d) above was dissolved in pyridine (2 mL, 
dried over 4A molecular sieve). Pyrrolidmopyridine (36 mg, 0.024 mmol) 
and butyl chloroformate (276 uL, 2.23 mmol) were added to the mixture, 
which was then stirred for 30 h under N 2 (g) at room temperature. The 
solvent was removed in vacuo and then co-evaporated with acetonitrile. 
Purification using column chromatography with CHC1 3 : MeOH (10:1) as 
eluent yielded the title compound (66.7 mg, 0.142 mmol) in 68% yield 
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(from 2<4-irmdazol-l-ymiethy^ 
sulfonamide). 

IR (neat, cm" 1 ) v 3129, 3058, 2956, 2869, 1737, 1658, 1466 
*H NMR 5(CDa 3 , CH 3 OD): 8.14 (d, /= 8.1 Hz, 1H), 7.72 (s, 1H), 7.36- 
5 7.19 (m, 6H), 7.04 (m, 3H), 5.19 (s, 2H), 3.98 (t, J= 6.5 Hz, 2H), 2.56 (d, J 
- 7.1 Hz, 2H), 1.93 (m, 1H), 1.41 (m, 2H), 1.21 (m, 2H), 0.93 (d, J~ 6.6 
Hz, 6H), 0.85 (t, J= 7.1 Hz, 3H) 

13 C NMR 8(CDC1 3 , CH3OD): 151.8, 147.7, 140.4, 139.6, 137.1, 135.3, 
134.9, 133.2, 130.5, 129.9, 128.6, 128.0, 127.0, 119.9, 66.3, 45.1, 30.6, 
10 30.1,22.4, 18.9,13.6 
MS (ESI 4 )™/*: 470.1 . 



Example 7 

jV'-Butyloxycarbonyl-5-fco-b^^ 
15 phene-2-sulfonamide 

(a) 3-(4-Hydroxyme&ylphenyl)-5-z,?o-bu^ 
amide 

5-i5o-Butyl-2-(N-/ert-butylammosnlfonyl)thiophene-3-boronic acid (319.3 
20 mg, 1.00 mmol, see Example 1(c) above), 4-bromobenzyl alcohol (374.1 
mg, 2.00 mmol), toluene (20 mL), ethanol (4 mL), NaOH (1.0M, 4 mL, 4 
mmol) and Pd(PPb 3 ) 4 (34 mg, 0.030mmol) were mixed together under N 2 - 
The mixture was warmed to reflux for 2 hours and was tlien diluted witli 
EtOAc (50 mL), washed with water and brine and dried over MgS0 4 . The 
25 solvent was removed and the residue was separated by column 
chromatography using CHCl 3 :MeOH (40:1) as eluent to give 289 mg of the 
sub-title compound (yield: 76%). 
IR(neat): 3465, 3162, 2952, 2867, 1441 cm" 1 
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*H NMR S(CD 3 OD): 7.59(2H, d, J= 8.2 Hz), 7.45(213, d, J= 8.2 Hz), 
6.75(1H, s), 4.75(2H, s), 4.11(1H, brs), 2.69(2H, d, J= 7.1 Hz), 1.92(1H, m), 
0.99(6H, d, J=7.2 Hz), 0.98(9H, s) 

13 C NMR 8(CD 3 OD): 148.3, 142.9, 141.1, 134.2, 130.3, 128.9, 127.6, 
126.8, 64.8, 54.5, 39.2, 30.5, 29.5, 22.1 
MS(Er*) m/z: 382.0 

Anal. Calcd for C 19 H 27 N0 3 S2: C, 59.8; H, 7.3; N, 3.7. Found: C, 59.6; H, 
7.0; N, 3.5 

(b) 3-(4-Bromomefhylphenyl)^ 
amide 

3-(4-Hydroxymemylphenyl)-5-Z5^ 

amide (280 mg, 0.734 mm ol, see step (a) above) was dissolved in DMF (10 
mL). PPh 3 (459.2 rag, 1.75 mmol) and CBr 4 (580.3, 1.75 mmol) were 
added to the resultant solution. The niixture was stirred for 24 h at room 
temperature and then diluted with ethyl acetate. The organic phase was 
washed with water (50 mL) and brine (50 mL) and then dried over MgS0 4 . 
After removing the solvents, the residue was purified by column 
chromatography using hexane: acetone (5:1) as eluent to give the sub-title 
compound (314.9 mg, 0.709 mmol, 76% yield). 
IR(neat): 3302, 2952, 2866, 1442 cm -1 

! H NMR 5(CDC1 3 ): 7.62(2H, d, J= 8.4 Hz), 7.48(2H, d, J= 8.4 Hz), 
6.75(1H, s), 4.56(2H, s), 4.11(1H, brs), 2.69(2H, d, J= 7.1 Hz), 1.92(1H, m), 
0.99(6H, d, J=7.2 Hz), 0.98(9H, s) 

l3 CNMR5( CDC1 3 ): 148.5, 142.4, 138.2, 136.9, 135.1, 129.5, 129.1, 128.7, 
54.6, 39.2, 32.8, 30.5, 29.5, 22.1 
MS(Elt)m/z: 445.8 
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(c) 5-foo-ButyI-^-fer^butyl-3^ 
sulfonamide 

KOH (112.2 mg, 2.00 mmol, crushed pellets) was added to DMSO (10 mL, 
dried over 4A molecular sieve) and stirred for 5 rnin. Tetrazole (28.0 mg, 
5 0.4 mmol) was added to the mixture, which was then stirred for 2 h. 3-(4- 
Bromomethylphenyl)-5-M'tf-b^^ ( 13 0 
mg, 0.292 mmol, see step (b) above) was added, the mixture was cooled 
briefly and stirred for an additional hour before water (50 mL) was added. 
The reaction mixture was extracted with ethyl acetate (250 mL) and the 

10 extract was washed with water (2 x 50 mL) and brine (50 mL). The organic 
phase was dried over MgS0 4 and the solvent was removed in vacuo. The 
residue was purified on column chromatography using hexaneracetone (3:1) 
as eluent to give the sub-title compound (28.6 mg, 0.066 mmol, 23% yield). 
IR(neat): 3328, 3 134, 2980, 1501, 1466 cm' 1 

15 *H NMR 5(CDC1 3 ): 8.52(1H, s), 7.64(2H, d, J= 8.3 Hz), 7.46(2H, d, J= 8.3 
Hz), 6.73(1H, s), 5.85(2H, s), 2.69(2H, d, J= 7.1Hz), L91(1H, m\ 1.58(1H, 
s), 0.98(1 5H, brs) 

13 C1SIMR5( CDC1 3 ): 153,2, 148.5, 142.4, 136.8, 135.8, 133.2, 129.7, 128.8, 
128.5, 56.3, 54.6, 39.2, 30.5, 29.5, 22.1 
20 MSCEI^m/z: 434.0 

Anal. Calcd for C 20 H 27 N 5 O2S 2 x H 2 Q: C, 53.2; H, 6,5; N, 15.5. Found: C, 
53.7; H, 6.1; N, 15.2 

( d) 5-^o-Butyl-3 -(4-tetxazol"2-ylmemylphenyl)thiophene-2-sulfonamide 
25 To a solution of 5-fso-butyl-iV'-fe/"^b^ 

thiophene-2-sulfonamide (42.1 mg, 0.111 mmol, see step (c) above) in 
CH 2 C1 2 (10 mL) was added BC1 3 (0.5 mL, 1M, 0.5 mmol) under N 2 (g). 
The reaction mixture was stirred for 0.5 h. Water (50 mL) was added and 
the mixture was extracted with ethyl acetate (3 x 50 mL). The combined 
30 organic phases were washed with brine and dried over MgS0 4 and the 
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solvent was removed in vacuo. The crude product was used directly in the 
next step without further purification. 

(e) iV"-ButyIoxycarbonyl-5-^ 
5 phene-2-sulfonarnide 

The crude product from step (d) above was dissolved in pyridine (1 mL, 
dried over 4A molecular sieve). PyrroHdinopyridine (14 nig, 0.0095 mmol) 
and butyl chloroformate (120 uL, 0.97 mmol) were added to the mixture, 
which was then stirred for 30 hours under N 2 (g) at room temperature. The 
10 solvent was removed in vacuo and then co-evaporated with acetonitrile. 
Purification using column chromatography with GHCl 3 :MeOH (35:1) as 
eluent yielded the title compound (24.9 mg, 0.052 mmol) in 54% yield 
(from S-r.yo-butyl-iV'-im-b^ 
sulfonamide). 

15 IR(neat): 3330, 2961, 2875, 1743, 1466 cm' 1 

*H miR S(CDCI 3 ): 8.49(1H, s), 7.68(1H, s), 7.48(2H, d, J= 8.2 Hz), 
7.40(2H, d, J=8.2 Hz), 6.73(1H, s), 5.82(2H, s), 4.07(2H, t, J= 6.6 Hz), 
2.70(2H, d, J= 7.1 Hz), 1.91(1H, m), 1.50(2H, m), 1.24(2H, m), 0.98(6H, d, 
J= 6.9 Hz), 0.87(3H, J= 7.4 Hz) 

20 13 C NMR 5( CDC1 3 ): 153.2, 151.8, 150.1, 145.6, 134.8, 133.4, 129.6, 129.3, 
128.3, 66.9, 56.3, 39.2, 30.5, 30.4, 22.2, 18.7, 13.6 
MS(Bl") m/z: 478,0 

Anal. Calcd for CaiH^NsC^: C, 52.8; H, 5.7; N, 14.7. Found: C, 53.0; H, 
5.8; N, 14.1 

25 



30 
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Example 8 

jV"-Butyloxvcarbonyl-5-r>o-bu^ 
2-sulfonamide 

(a) 1 -(4-Bromoberizyl)-lij r -tetrazole 

Dimethyl sulphoxide (10 mL, dried over 4A molecular sieve) was added to 
potassium hydroxide (1.12 g, 0.02 mol, crushed pellets) and the mixture 
was stirred for 5 minutes. l#-Tetrazole (0.35 g, 0.005 mol) was then added 
and the mixture was stirred for 2 hours. 4-Bromobenzyl bromide (1.87 g, 
0.0075 mol) was added and the mixture was cooled briefly and stirred for a 
further hour before adding water (50 mL). The mixture was extracted with 
ether (3 x 80 mL) and each extract was washed with water (3 x 50 mL). 
The combined ether layers were dried over MgS04 and the solvent using 
removed in vacuo. The residue was chromatographed on silica gel with 
CHCl 3 :MeOH (40:1) as eluent yielding the sub-title compound (0.98 g, 
yield: 82%). 

: H NMR 6(CDC1 3 ): 8.64(1H, s), 7.50(2H, d, J= 8.4 Hz), 7.18(2H, d, T= 8.4), 
5.56(2H, s) 

13 CNMR 5(CDC1 3 ): 142.4, 132.4, 131.8, 129.9, 123.4, 51.3 
MSCESI*) m/z: 238.8 

Anal. Calcd. for C 8 H 7 BrN 4 : C, 40.2; H, 3.0; N, 23.4. Found: C, 40.3; H, 3.0; 
N, 23.4 

(b) 5 -iso-Buiyl-N-tert-hutyl-3 -j 4-tetrazol- 1 -ylmethylphenyl)thiophene-2~ 
sulfonamide 

5-wo-Butyl-2-(N-ferr-bu1ylaimnosulfonyl)miophene-3-boronic acid (401 .0 
nig, 1.256 mmol, see Example 1(c) above), l-(4-bromobenzyl)-liir-tetrazole 
(199.4 mg, 0.834 mmol, see step (a) above), toluene (20 mL), ethanol (3.0 
mL), NaOH (1.0M, 5.0 mL, 5.0 mmol) and PdCPPh 3 ) 4 (29.0 mg, 0.25 mmol) 
were mixed under N 2 . The mixture was warmed to reflux for 2 hours. The 
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mixture was diluted with. EtOAc (20 mL), washed with water and brine, and 
dried over MgS0 4 . The solvent was removed and the residue was separated 
by column chromatography using CHCl 3 :MeOH (40:1) as eluent to give 
222.4 mg of the sub-title compound (yield: 62%). 
5 IR(neat): 3284, 3134, 2958, 2870, 1513, 1436 cm -1 

1 H NMR 5(CDCl3): 8.71(1H, s), 7.64(2H, d, J= 8.3 Hz), 7.40(2H, d, J= 8.3 
Hz), 6.74(1H, s), 5.65(2H, s), 2.67(2H, d, J= 7.1 Hz), 1.94(1H, m), 
0.99(15H,m) 

13 CNMR5(CDa 3 ): 148.5, 142.6, 142.2, 136.8, 135.9, 133.1, 129.9, 128.8, 
10 128.3, 54.6, 51.7, 39.2, 30.5, 29.5, 22.1 
MS(ESI + ) m/z: 433 

(c) 5-&o-Butyl-3-(4-tetrazol- 1 -ylmemylphenyl)tMophene-2-sulfonamide 
BC1 3 (1.0 mL, 1M, 1.0 mmol) was added to a solution of 5-iso-hatyl-N~tert- 

15 butyl-3-(4-tetrazol-l-ylmemylphenyl)thiophene-2-sulfonamide (177.0 mg, 
0.408 mmol, see step (b) above) in CH 2 C1 2 (10 mL) under N 2 (g), and the 
reaction mixture was stirred for 0.5 h. Water (50 mL) was added and the 
mixture was extracted with ethyl acetate (3 x 50 mL). The combined 
organic phases were washed with brine, dried over MgS0 4 and the solvent 

20 w;as removed in vacuo. The crude product was used directly in the next step 
used without former purification. 

(d) K-Butyloxycarbonyl-5-z:yo4?u^ 
phene-2-sulfonamide 

25 The title compound was prepared (89.6 mg, 0.188 mmol, 46% yield (from 
5-f5o-butyl-iV-ter/-butyl-3-(4-tetrazol- 1 -yhiiemylphenyl)miophene-2- 
sulfonamide)) analogously to the procedure described in Example 7(e) 
above from the crude 5-wo-bu1yl-3-(4-tetrazol-l-yhnethylphenyl)- 
thiophene-2-sulfonamide from step (c) above. 

30 TR(neat): 3135, 2959, 2875, 1747, 1464 cm" 1 



WO 02/096883 PCT/GB02/Q2563 

52 

: H NMR 5(CDC1 3 ): 8.73(1H, s) a 7.43(2H, d, J- 7.7 Hz), 7.24(2H, d, J= 7.7 
Hz), 6.72(1H, s), 5.59(2H, s), 4.00(2H, brs), 2.69(2H, brs), 1.91(1H, m), 
1.46(2H, m), 1.19(2H, m), 0.95(6H, d, J= 6.9 Hz), 0.83(3H, J= 6.8 Hz) 
13 CNMR5( CDC1 3 ): 151.8, 151.4, 145.3, 143.0, 134.8, 133.5, 129.6, 129.1, 
127.8, 66.9, 51.4, 39.2, 30.9, 30.4, 22.2, 18.7, 13.6 
MS(ET) m/z: 478.0 

Anal. Calcd for C21HZ7N5O4S2X V* H z O: C, 51.8; H, 5.8; N, 14.4. Found: C, 
51.4; H,5.6;N, 14.1 

Example 9 

i^Butyloxycarbonyl-3-f4-f 1 ,2,41triazol- 3 -ylmethylphenvl)-5-^f?-butyl- 
Mophene-2-sulfonamide 

(a) l-(4-Bromobenzyl)-li?-f 1 £,41triazolc 

DMF and KOH (3.3 g 3 58 mmol) were stirred together at rt for 5 minutes 
before adding 1,2,4-triazole (1 g, 14.5 mmol). After a further 30 minutes, 
the reaction mixture was cooled to 0°C and l-bromo-4-bromomethyl- 
benzene (7.2 g, 29 mmol) was added dropwise over 5 minutes. The reaction 
mixture was heated to 60° C, then cooled to rt, extracted with ethyl acetate 
and water, and subsequently dried over K2CO3. The solvent was evaporated 
to yield yellow-white crystals, which, upon repeated recrystallisation, 
(ethylacetate/isohexane) yielded 0.60 g of the sub-title compound as white 
crystals (62% isolated yield). 

*H NMR 8(270 MHz, CDC1 3 ): 8.11 (s, 1H), 7.96 (s, 1H), 7.51-7.38 (m, 2H), 
7.15-7.10 (m, 2H), 5.29 (s, 2H) 

,3 C NMR 5(67.8 MHz, CDC1 3 ): 152.2, 143.0, 133.5, 132.1, 129.5, 122.7, 
52.8 

MSm/z238(M + + 1) 
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(b) 3-(4-[l,2 3 41Triazol-I-ylme^ 
phene-2-5ulfanamide 

5-iso-Butyl-2-(N-fer^-butylai^ acid (0.479 

g, 1.5 mmol, see Example 1(c) above), l-(4-bromobenzyl)-lH- 
[l,2,4]triazoIe (0.238 g, 1 mmol, see step (a) above), Pd(OAo) 2 (15.7 mg, 
0.03 mmol), triphenyl phosphine (15.7 mg, 0.06 mmol) and NaOH (0.16 g, 
4 mmol) were dissolved in 4 mL of toluene/ethanol (4: 1) in a thick walled 
glass tube, and were then heated to 80°C for 1 h. The reaction mixture was 
cooled to rt, extracted with ethyl acetate and water and subsequently dried 
over K 2 C0 3 . The solvent was evaporated and the reaction mixture was 
separated on a silica column (dicHoromethane 4- 1% methanol to 
dichloromethane + 4% methanol) to yield 0.288 g of the sub-title compound 
(65% yield). 

*H NMR 5(270 MHz, CDC1 3 ): 8.13 (s, 1H), 7.94 (s, 1H), 7.60-7.57 (m, 
2H), 7.33-7.30 (m, 2H), 6.72 (s, 1H), 5.37 (s, 2H), 4.47 (s, 1H), 2.65, (d, J 
= 7 Hz, 2H), 1 .89 (sept J = 7 Hz, 1H), 0.96 (s, 9H), 0.94 (d, J = 7 Hz, 6H) 
13 CNMR 5(67.8 MHz, CDC1 3 ): 152.1, 148.5, 143.1, 142.3, 136.6, 135.2, 
134.8, 129.6, 128.8, 128.0, 54.5, 53.1, 39.1, 30.4, 29.4, 22.1 
MSm/z433(M + +l) 

(c) 3-(4-fl J 2,41Triazol-l-ylmemylphenyl)-5-^o-butyl1hiophene-2-sulfo^^ 
amide 

3-(4-[l ,2,4]Triazol- 1-ylmemylphenyl)^ 

sulfonamide (146.4 mg, 0.34 mmol, see step (b) above) was mixed with 
BC1 3 (1M solution in hexane) (2 mL, 1.7 mmol) in 5 mL of 
dichloromethane at rt and stirred for 1 h. The reaction mixture was 
extracted with ethyl acetate and water and subsequently dried over K2CO3. 
The solvent was evaporated and the resultant product was sufficiently pure 
to be used directly in the next step. 
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(d) i^Btttylaxyofflfog^ 
tHophene-2-suIfonamide 

59 mg (0.16 rnmol) of the crude 3-(4-[l J 2,4]triazol-l-ylmethyiplienyl)-5- 
r5o-butylthiophene-2-sxilfonamide from step (c) above was mixed with butyl 
5 cbloroformate (31 uL, 0.24 mmol) and 4-dmiemylarmnopyridrne (2 mg, 16 
pjmol) in 5 mL of triethylamiue at 0°C. The reaction mixture was stirred 
overnight and then diluted with ethyl acetate, washed with water and dried 
over K2CO3. The reaction mixture was then separated on a silica column 
(dichloromethane + 15% methanol), circular chromatography 
10 (dichloromethane + 10-15% methanol and preparative LC-MS to yield 7.0 
mg of the title compound (9% isolated yield). 

*H NMR 8(270 MHz, CDC1 3 ): 8.11 (s, 1H), 7.98 (s, 1H), 7.50-7.47 (m, 2H), 
7.29-7.26 (m, 2H), 6.74 (s, 1H), 5.39 (s, 2H), 4,05 (t, J= 7 Hz, 2H), 2.71 (d, 
J= 7 Hz, 2H), 1.95 (sept, /=7Hz, 1H), 1.52 (pent, J = 7 Hz, 2H), 1.26 
15 (sext, J= 7 Hz, 2H), 0.99 (d, J= 7 Hz, 6H), 0.88 (t, J= 7 Hz, 3H) 

13 C NMR 5(67.8 MHz, CDC1 3 ): 151.9, 151.1, 145.1, 143.4, 134.7, 134.2, 
131.6, 129.7, 129.0, 127.8, 66.3, 53.2, 39.2, 30.4, 30.3, 22.1, 18.7, 13.5 
MS mlz (relative intensity 30 eV) 477 (M* + 1) 

20 Example 10 

jV"-(Burylammo)carbonyl-3-(4^ 
thiophene-2-sulfonamide 

(a) l-(4-Bromobenzyl)-lH-imidazole 

25 Dimethyl sulphoxide (20 mL, dried over 4A molecular sieves) was added to 
potassium hydroxide (2.24 g, 0.04 mol, crushed pellets) and the mixture 
was stirred for 5 min. Imidazole (0.5718 g, 0.0084 mol) was then added 
and the mixture was stirred for 2 hours. 4-Bromobenzyl bromide (3.25 g, 
0.013 mol) was added and the mixture was cooled briefly and stirred for a 

30 further hour before adding water (20 mL). The mixture was extracted with 
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ether (3 x 100 mL) and each extract was washed with water (3 x 50 mL). 
The combined ether layers were dried over CaCl 2 and the solvent was 
removed in vacuo. The residue was chromatographed on silica gel with 
CHCl 3 /MeOH (30:1) plus 0.05% formic acid as ehient yielding the sub-title 
5 compound (1.275 g, yield: 53%). 

X H NMR 5(CDC1 3 ): 7.73 (m, 3H), 7.28 (m, 3H), 7.15 (m, 1H), 5.30 (s, 2H) 
13 CNMR5(CDC1 3 ): 136.8, 134.8, 131.5, 129.3, 128.4, 121.5, 118.7,49.4 
MS (ESf*) m/z: 236.8 

10 (b) 3-(4-ImidazoLl-ylmemylpheny^ 
sulfonamide 

5^0-Butyl-2-(A r -fer£huty^ acid (200.5 

mg, 0.628 mmol, see Example 1(c) above), l-(4-bromobenzyl)-lH~ 
imidazole (98.8 mg, 0.416 mmol, see step (a) above), toluene (15 mL), 

15 ethanol (15 mL), NaOH (1.0M, 1.5 mL, 1.5 rnmol) and Pd(PPh 3 ) 4 (14.5 mg, 
0.125 mmol) were mixed under N 2 . The mixture was warmed to reflux for 
2 hours. The mixture was diluted with EtOAc (50 mL), washed with water 
and brine, and dried over MgS0 4 . The solvent was removed and the residue 
was separated by column chromatography with crdoroform:methanol (20:1) 

20 as eluent to give 1 13.9 mg of the sub-title compound (yield: 63.27%). 
LR. (neat, cm" 1 ) v 3060, 2996, 1507 

l H NMR 6(CDC1 3 ): 7.39 (s, 1H), 7.35 (d, /= 8.1 Hz, 2H), 6.98 (d, J= 8.1 
Hz, 2H), 6.96 (s, 1H), 6.84 (s, 1H), 6.47 (s, 1H), 4.91 (s, 2H), 3.96 (s, 1H), 
2.72 (brs, 1H), 2.42 (d, J= 7.1 Hz, 2H), 1.64 (m, 1H), 0.73 (s, 9H), 0.72 (d, 
25 J= 6.9 Hz, 6H) 

13 CNMR5(CDC1 3 ): 148.6, 142.3, 137.2, 136.2, 135.1, 129.7, 129.4, 128.8, 
127.4, 1 19.2, 54.6, 50.6, 39.2, 30.5, 29.5, 22.1 
MS (ESI*) m/z: 43 1 .9 

Anal. Calcd for C 22 H 29 N 3 0 2 S 2 : C, 58.8; H, 7.0; N, 9.4. Found: C, 58.7.0; H, 
30 6.7; N, 9.1 
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f c ) 3-(4-Imidazol- 1 -ylmethylphenyl)-5^o-bntyltMophme-2-ST3^onamide 
To a solution of 3<4-iimdazol-l-ylme&ylpheiiyl)-5-wo-butyl-N-^rt- 
buryltbiophene-2-sulfonamide (0.097 mmol, 42.0 mg, see step (b) above) in 
5 CH 2 C1 2 (10 mL) was added BCl 3 (0.5 mL, 1M, 0.5 mmol) under N 2 (g). 
The mixture was stirred for 0.5 h. ' Water (50 mL) was added and the 
mixture was extracted with ethyl acetate (3 x 50 mL). The combined 
organic phases were washed with brine and dried over MgSC>4 and the 
solvent was removed in vacuo. The crude product was used directly in the 
10 next step without further purification. 

(d) iV-(Butylarnmo)carbonyl-3-(4-i^^ 
thiophene-2-sulfonamide 

The crude product from step (c) above was dissolved in acetone (5 mL) 
15 under N2 (g)- NaOH (0.20 mL, 1M, 0.20 mmol) was added to the mixture, 
which was then stirred for 10 min. Butyl isocyanate (109 uL, 0.97 mmol) 
was then added and the mixture was stirred overnight at room temperature. 
The reaction mixture was then diluted with ethyl acetate (150 mL) and 
washed with water and brine. The organic phase was dried over MgS0 4 
20 and the solvent was removed in vacuo. Purification using column 
chromatography with CHCl 3 :MeOH (10:1) as eluent yielded the title 
compound (15.1 mg, 0.032 mmol) in 33% yield (from 3-(4-rmidazol-l- 
ylmemylphenyl)-5-iso-butylthiophene-2-sulfonic acid ter^butylamide). 
IR (neat, cm" 1 ) v 3261, 3120, 2957, 2869, 1701, 1514 
25 *H NMR 5(CDC1 3; CH 3 OD): 7.64 (s, 1H), 7.49 (d, J = 8.1 Hz, 2H), 7.1 1 (d, 
J =8.1 Hz, 2H), 6.97 (brs 1H), 6.90 (bis, 1), 6.72 (s, 1H), 6.24 (brs, 1H), 
5.10 (s, 2H), 3.08 (m, 2H), 2.62 (d, J= 7.1 Hz, 2H), 1.92 (m, 1H), 1.20 (m, 
4H), 0.99 (d, J= 6.6, 6H), 0.86 (t, J= 7.1 Hz, 3H) 
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13 C NMR S(CDC1 3 , CH 3 OD): 152.2, 150.0, 144.5, 137.0, 135.9, 134.4, 
133.0, 129.7, 129.5, 128.1, 327.1, 119.5, 50.7, 39.9, 39.2, 31.6, 30.5, 22.2, 
19.8, 13.7 

MS (ESI 1 ) m/z: 475.2 

5 

Example 1 1 

iY-Brtylsulfonyl-3-(4-inri 
sulfonamide 

Crude 3-(4-inudazol-l-ylmemylphenyl)-5-z^^ 
lo amide (prepared according to the procedure described in Example 10(c) 
above) was dissolved in THF (3 mL) under N 2 (g). NaOH (1.0 mL, 1M, 1.0 
mmol) was added to the mixture, which was then stirred for 10 min. 
Butanesulfonyl chloride (45 uL, 0.35 mmol) was then added, and the 
mixture was stirred for 24 h at room temperature. The reaction mixture was 

15 then diluted with ethyl acetate (150 mL) and washed with, water and brine. 
The organic phase was dried over MgS0 4 and the solvent was removed in 
vacuo. The crude product was recrystallised from acetone to yield the title 
compound (31.7 mg, 0.064 mmol). 
IR (neat, cm" 1 ) v 3133, 2959, 2871, 1576, 1543, 1514 

20 *H NMR o(CDCl 3j .CH 3 OD): 8.70 (s, 1H), 7.64 (d, J= 8.1 Hz, 2H), 7.08- 
7.20 (m, 5H), 6.59 (s, 1H), 5.06 (s, 2H), 3,08 (m, 2H), 2.57 (d, J= 7.1 Hz, 
2H), 1.67 (m, 1H), 1.65 (m, 2H), 1.29 (m, 2H), 0.89-0.79 (m, 9H) 
13 C NMR 5(CDC1 3 , CH 3 OD): 146.8, 140.9, 138.2, 136.8, 135.0, 131.9, 
130.4, 128.6, 127.9, 121.2, 119.8, 54.0, 52.5, 38.9, 30.3, 25.6, 21.9, 21.4, 

25 13.4 

MS (ESI 4 ) m/z\ 496.1 



30 
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Example 12 

iV"-Butylsulfonyl-3-(4-i^ 
carboxamide 



5 (a) 2-foo-Butylftnophene 

A solution of miophene (6.00 g, 0.0714 mol) in 80 mL of THF (80 mL) was 
treated with «-BuLi (1.6 M in hexane, 54 mL, 0.0864 mol) at -78°C. The 
mixture was stirred at -40°C for about 2 hours. The solution was then 
cooled to -78°C again and treated with 2-mefhylpropyliodide (16.04 g, 

10 0.0871 mol). The solution was stirred at 0°C for 2 hours, and then 
overnight at room temperature for about 16 hours. The solution was treated 
with water (25 mL) and extracted with petroleum ether (3 x 25 mL). The 
organic layer was dried over magnesium sulfate and filtered. The crude 
product was purified by distillation (54-55°C at 12 mmHg) to give the sub- 

15 title compound (3.0 g, 0.0213 mol) in 30% yield. 

2 H NMR 5(CDC1 3 ): 7.14 (dd, J= 5.1, 1.2 Hz, 1H), 6.95 (dd, J= 5.1, 3.3 Hz, 
1H), 6.79 (dd, ./= 3.3, 1.2 Hz, 1H), 2.72 (d, /= 7.1 Hz, 2H), 1.92 (m, 1H), 
0.97 (d, /= 6.7 Hz, 3H) 

]3 CNMR5(C0C1 3 ): 144.3, 126.5, 124.8, 123.0, 39.1, 30.8, 22.2 
20 MS(E1 4 ) m/z: 140 

(b) S-jyo-Butyl-A^/grf-butylMophene^-carboxamide 

To 2-fjo-butylthiophene (1 g, 7.143 mmol, see step (a) above) in THF 
(15mL) was added «-BuLi (1.6 M in hexane, 5.3 mL, 8.48 mmol) at -78°C 

25 and the reaction mixture was stirred at 0°C for 2 hours. tert-Bvtyl- 
isocyanate (897 uL, 7.86 mmol) was then added to the mixture at -78°C. 
The stirred solution was kept at 0°C for an additional 2 hours. The reaction 
mixture was then quenched with H 2 0 (15 mL) and extracted with EtOAc (3 
x 20 mL). The organic layer was dried over MgS0 4 , concentrated and 

30 purified using silica gel column chromatography (10:90 petroleum ether- 
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EtOAc) to give the sub-trfle compound (1.2 g, 5.01 mmol) as wMte needles 
in 70% yield. 

! H NMR 5(CDC1 3 ): 7.24 (d, J= 3.6 Hz, 1H), 6.69 (d, 7= 3.6 Hz, 1H), 5.72 
(brs, 1H), 2.65 (d, J= 7.2 Hz, 2H), 1.88 (m, 1H), 1.44 (s, 9H), 0.93 (d, J= 
5 6.6 Hz, 3H) 

13 C NMR 5(CDC1 3 ): 161.4, 149.2, 137.6, 127.5, 125.5, 51.8, 39.5, 30.7, 
28.9,22.1 

IR(neat): 3215,2924,, 1620, 1550, 1464,crn~ 1 

Anal. Calcd. for C 13 H 2 iNOS: C, 65.2; H, 8.8; N, 5.9. Found: C, 65.5; H, 8.9; 
10 N, 5.9. 

MS(Er*) m/z: 239 

(c) 5-fco-Btttyl-iy-ferfrputy^^ acid 
To a solution of S-Zra-butyl-^e/^-butyltaiophene^-carboxamide (from 
15 step (b) above; 0.5 g, 2.1 mmol) in THF (50 mL) was added 3.3 mL K-BuLi 
(1.6M in hexane, 3.3 mL, 5.28 mmol) at -78°C. The reaction mixture was 
slowly warmed to -20°C and stirred for 4 hours. Tri-iro-propylborate (0.59 
g, 3.14 mmol) was added to the mixture at -78°C. The solution was slowly 
warmed to room temperature and stirred overnight The reaction was 
. 20 quenched with HCl(aq) (2M, 2 mL) and extracted with EtO Ac (2 x 25 mL), 
washed with brine, dried with MgSC>4 and concentrated. The crude product 
was used in the next step without turther purification. 
MS(ET*)m/z: 284 

25 (d) 3 -(4-Imidazol- 1 -yhTiemylphenylVS-f^o-butyl-iV^te^-butyllHophene^-- 
carboxamide 

5-/so-Butyl-JV'-fm-butyltlnophene-2-carboxannde-3-boronic acid (200 mg, 
0.706 mmol, see step (c) above), l-(4-bromobenzyl)-lH-imidazole (80 mg, 
0.337 mmol), toluene (5 mL), ethanol (2 mL), NaOH (1.63 M, 0.84 mL, 
30 1.38 mmol) and Pd(PPh 3 ) 4 (16.3 mg, 0.014 mmol) were mixed together 
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. under N 2 . The resultant mixture was warmed to reflux for 2 hours. The 
mixture was diluted with EtOAc (50 mL), washed with water and brine, and 
dried over MgSC^. The solvent was removed and the residue was separated 
by column chromatography with chloroform:methanol (95:5) as eluent to 
give 99 mg of the sub-title compound (yield: 74%). 

! H NMR S (CDC1 3 ): 7.55 (br s, 1H), 7.41 (d, J= 8.1 Hz, 2H), 7.24 (<L ./ = 
8.1 Hz, 2H), 7.09 (br s, 1H), 6.89 (br s, 1H), 6.63 (s, 1H), 5.25 (br s, 1H), 
5.16 (s, 2H), 2.63 (d, J = 6.9 Hz, 2H), 1.89 (m, 1H), 1.13 (s, 9H), 0.95 (d, J 
= 6.6Hz, 3H) 

13 C NMR 5(CDC1 3 ): 161.4, 147.4, 140.2, 137.3, 136.3, 136.1, 133.9, 130.0, 
129.8, 128.3, 127.6, 119.0, 51.4, 50.4, 39.3, 30.5, 28.4, 22.2 
IR(neat): 3113 2930, 1645, 1512 cm -1 
MS(ET^) m/z: 396 

Anal. Calcd. for C 23 H 29 N 3 OS + H 2 0: C, 66,8; H, 7.6; N, 10.2. Found: C, 
67.0; H, 7.6; N, 9.9. 

( & ) 3-(4-Imidazol- l-ylmemylphenyl)-5-ilyo-butyl1hiophene-2-earboxamide 
Trifluoroacetic acid was added (2.5 mL) to 3-(4-hnidazol-l- 
ytoiemylphenyl)-5-z.r0-butyl-i^^^ (165 mg, 

0.417 mmol, see step (d) above), and one drop (ca. 0.05 mL) of anisol was 
added to the reaction mixture. The mixture was stirred under a N 2 
atmosphere for 30 hours and then evaporated and co-evaporated with 
acetonitrile. The crude product was purified by column chromatography 
(CH 2 Cl 2 :MeOH (85:15)) to give the sub-title compound (117 mg, 0.345 
mmol) in 73% yield. 

*H NMR 5(CD 3 OD): 9.05 (br s, 1H), 7.63 (br s, 1H), 7.55 (br s, 1H), 7.51 
(d, J= 8.4 Hz 3 2H), 7.45 (d, J= 8.4 Hz, 2H), 6.81 (s, 1H), 5.47 (s, 2H), 2.68 
(d, J~ 7.1 Hz, 2H), 1.90 (m, 1H), 0.96 (d, J= 6.6 Hz, 3H) 
l3 C NMR 5(CD 3 OD): 167.1, 148.9, 144.1, 137.9, 136.6, 135.1, 131.2, 
130.8, 130.1, 129.8, 123.3, 121.6, 53.4, 40.0, 31.8, 22.5 
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IR(neat): 3308,2957, 1657, 1509, 1461 
MS(Er) m/z: 340 

Anal. Calcd. for Ci 9 H 21 N 3 OS: C, 67.2; H, 6.2; N, 12.4. Found: C, 67.5; H, 
6.4; N, 12.3. 

(f) jV~-Butylsulfonyl-3-(4-imidazol- 1 -ylmethylphenyl)-5-fca4)utyltruo- 
pheae-2-carboxamide 

NaH (55%, 12 mg, 0.2S mmol) was added to a solution of 3-(4-imidazol-l- 
ylmefhylphenyl)-5-fjo-butyllMopliene-2-carboxaniide (46 mg, 0.136 mmol, 
see step (e) above) in THF (1 mL). The mixture was stirred at 50°C for 0.5 
hours. Butanesulfonyl chloride (29 uL, 0.223 mmol) was added dropwise 
and the reaction mixture was stirred at room temperature for 1 hour. The 
mixture was concentrated and purified using silica gel chromatography 
(CH 2 Cl2:MeOH, 9:1) to give 31 mg of the title compound as a white powder 
(yield: 50%). 

*H NMR 5(CDC1 3 ): 7.82 (br s, 1H), 7.32 (br s, 2H), 7.06 (d, J = 7.4 Hz, 
2H), 6.95 (br s, 2H), 6.64 (s, 1H), 5.09 (br s, 2H), 4.79 (br s, 1H), 2.97 (br s, 
2H), 2.62 (d, J= 6.9 Hz, 2H), 1.90 (m, 1H), 1.65 (br s, 2H), 1.29 (m, 2H), 
0.95 (d, J= 6.5 Hz, 6H), 0.81 (t, J= 6,6 Hz, 3H) 

13 C MIR S(CDC1 3 ): 166.4, 148.9, 144.3, 137.3, 136.4, 134.8, 132.2, 130.0, 
129.4, 127.2, 119.9, 53.2, 51.0, 39.5, 30.5, 25.4, 22.3, 21.5, 13.6 
MS(EI f ) m/z: 460 

Anal. Calcd. for C 2 3H 29 N30 3 S 2 + H 2 0: C, 57.8; H, 6.5; N, 8.8. Found: C, 
58.1; H, 6.4; N, 8.3. 

IR(neat): 3482, 3118, 2958, 1558, 1456 cm -1 
Example 13 

The following compounds were also prepared in accordance with 
techniques described herein: 

(i) i^-butyloxycarbonyl^-butyl^^-rmidazol- 1 -ylmethylphenyl)benzene- 
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sulfonamide 

*H NMR 6(CDC1 3 ) S : 8.95 (brs, 1H), 8.20 (d, J= 8.3 Hz, 1H), 7.66 (brs, 1H), 
7.38 (d, J= 8.0 Hz, 2H), 7.34 (dd, J= 8.3, 1.6 Hz, 1H), 7.11 (d, J= 8.0 Hz, 
2H,), 7.05 (d, J= 1.6 Hz, 1H), 6.83 (brs, 2H), 5.10 (s, 2H), 4.00 (t, J= 6.5, 
5 2H), 2.67 (t, J= 7.5Hz, 2H), 1.62 (m, 2H), 1.48 (m, 2H), 1.36 (m, 2H), 1.22 
(m, 2H), 0.92 (t, J= 7.2 Hz, 3H), 0.86 (t, J= 7.3 Hz, 3H) 
13 C NMR 5(CDC1 3 ): 151.9, 148.5, 140.2, 139.9, 136.7, 135.1, 134.7, 132.3, 
130.8, 129.9, 127.7, 127.2, 126.9, 119.2, 65.9, 50.9, 35.4, 33.0, 30.5, 22.4, 
18.8,13.8,13.6 

10 (ii) iy-(2-methoxyethylo3y)carbonyl-3-(4-imidazol-l -ylxnethylphenyl)-5- 
z^o-butylthiopliene^-sulfonamide 

: H NMR 5(20% CD 3 OD in CDC1 3 ): 8.00 (brs, 1H), 7.56 (d, J = 7.7 Hz, 
2H), 7.19 (d, J= 7.7 Hz, 2H), 7.07 (brs, 2H), 6.75 (s, 1H), 5.20 (s, 2H), 4.14 
(brt, ./ = 4.5 Hz, 2H), 3.52 (brt, ^= 6-9 Hz, 2H), 3.32 (s, 3H), 2.70 (d, J"= 
15 7.1 Hz, 2H), 1.94 (m, 1H), 0.99 (d, J= 6.4 Hz, 6H) 

13 C NMR 5(20% CD3OD in CDC1 3 ): 153.1, 149.7, 144.0, 136.1, 134.8, 
134.6, 132.8, 129.6, 128.8, 127.0, 125.6, 119.8, 70.0, 64.1, 58.2, 50.9, 38.9, 
30.2,21.8 

(iii) AT-ethyloxycarbonyl-3-(4-innd^ 
20 phene-2-sulfonamide 

l H NMR 5(20% CD3OD in CDCI3): 7.78 (brs, 1H), 7.55 (d, 7.8 Hz,. 
2H), 7.24 (d, J= 7.8 Hz, 2H), 7.07 (brs, 2H), 6.77 (s, 1H), 5.22 (s, 2H), 4,06 
(q, J= 7.1 Hz, 2H), 2.71 (d, J= 7.1 Hz, 2H), 1.95 (m, 1H), 1.17 (t, J= 7.1 
Hz, 3H), 0.99 (d, J= 6 A Hz, 6H) 
25 13 C NMR 5 (20% CD3OD in CDC1 3 ): 153.0, 150.7, 145.1, 137.2, 135.9, 
135.0, 132.7, 130.1, 129.5, 127.9, 127.6, 120.2, 62.6, 49.6, 39.5, 30.8, 22.3, 
14.3 

(iv) i^-ter/-b-atyloxycarbonyl-3-(4-imidazol- 1 -ylmefhylphenyl)-5-r>o-butyl- 
ttaophene~2-sulfonamide 
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*H NMR 5(10% CD 3 OD in CDC1 3 ): 7.65 (brs, 1H), 7.39 (d, J = 7.9 Hz, 
2H), 7.11 (d, 7.9 Hz, 2H), 6.94 (brs, 2H), 6.65 (s, 1H), 5.09 (s, 2H), 2.59 
(d, J= 7.1 Hz, 2H), 1 .82 (m, 1H), 1.22 (s, 9H), 0.87 (d, J= 6.6 Hz 3 6H) 
13 C KMR 5(10% CD 3 OD in CDCI 3 ): 150.5, 149.5, 144.6, 136.6, 135.5, 
134.2, 131.7, 129.5, 129.0, 128.0, 127.1, 119.6, 83.0, 50.6, 39.0, 30.3, 27.5, 
21.9 

(v) iV"-butyloxycarbonyl-3^^ 
wo-biitylthiophene-2-sidfonamide 

*H NMR 5(CDa 3 ): 8.22 (s, 1H), 7.55 (d, J= 8.2 Hz, 2H), 7.27 (d, J= 7.9 
Hz, 2H), 6.84 (s, 1H), 6.74 (s, 1H), 5.18 (s, 2H), 4.03 (t, J = 6.6 Hz, 2H), 
2.71 (d, J= 6.9 Hz, 2H), 2.24 (s, 3H), 1.94 (m, 1H), 1.51 (m, 2H), 1.28 (m, 
2H), 1.00 (d, ,/= 6.6 Hz, 6H), 0.87 (t, J= 7.4 Hz, 3H) 

13 C NMR S(CDC1 3 ): 152.4, 150,5, 144.6, 135.2, 134.5, 132.6, 130.0, 129.1, 
127.8, 117.1, 116.9, 66.3, 51.7, 39.3, 30.6, 22.3, 18.9, 13.6, 11.5 

(vi) iV^butyloxycarbonyl-3-(4-pyrazol-l-ylmetaylpheny^ 
thiophene-2-sulfonamide 

! H NMR 5(CDC1 3 ): 0.84 (t, J= 7.3 Hz, 3H), 0.95 (d, J= 6.6 Hz, 6H), 1.22 
(m, 2H), 1.48 (m, 2H), 1,90 (m, 1H), 2.66 (d, J= 6.9 Hz, 2H), 4,01 (t, J = 
6.6 Hz, 2H), 5.26 (s, 2H), 6.23 (s, 1H), 6.69 (s, 1H) S 7.02 (d, J= 8.3 Hz, 
2H), 7,37 (m, 3H), 7.48 (s, 1H) 

13 C NMR 6(CDC1 3 ): 13.6, 18.7, 22.2, 30.4, 39.2, 55.1, 66.5, 106.0, 127.3, 
129.3, 129.6, 133.7, 136.9, 139.4, 145.7, 150.6, 151.3 

(vii) iV'-bu1yloxycarbonyl-3-[4<^^ 
pheaaiyl]-5-wc?-butyltbiopheiie-2-siilfonarnide 

*H NMR S(CDC1 3 ): 7.66 (s, 1H), 7.50 (s, 1H), 7.42 (d, J- 8.1 Hz, 2H), 7.23 
(d, J = 8.2 Hz, 2H), 6.74 (s, 1H), 6.59 (d, 2.1 Hz, 1H), 5.40 (s, 2H), 4.03 
(t, J= 6.6 Hz, 2H), 2.71 (d, 7 = 6.9 Hz, 2H), 1.96 (m, 1H), 1.49 (m, 2H), 
1.25 (m, 2H), 0.99 (d, ./= 6.6 Hz, 6H), 0.87 (t, ./= 7.4 Hz, 3H) 
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I3 CNMR5(CDC1 3 ): 151,8, 150.2, 146.0, 143.6, 142.5, 141.8, 139.4, 136.0, 
134.0, 131.1, 130.6, 129.4, 127.5, 123.2, 119.2, 66.9, 56.1, 39.3, 30.5, 22.2, 
18.7, 13.5 

(viii) ^-(A^-butyl-7V'-methylamino)carbonyl-3-(4-imida2oI- 1-ylmethyl- 
5 phenyl)-5-^o-biityltbiopliene-2-sulforiamide 

J H NMR 5(CDC1 3 ): 8,18 (bis, 1H), 7.S4 (brs, IB), 7.46 (d, J= 8.2 Hz, 2H), 
7.16 (d, J= 8.2 Hz, 2H), 7.06 (brs, 1H), 6.99 (brs, 1H), 6.68 (s, 1H), 3.07 
(brt, 2H), 2.67 (d,J~ IX Hz, 2H), 2.56 (brs, 3H), 1.91 (m, 1H), 1.35 (m, 
2H), 1.19 (m, 2H), 0.96 (d, J= 6.6 Hz, 6H), 0.84 (t, J= 7.2 Hz, 3H) 
10 33 C NMR 5 (CDC1 3 ): 153.6, 149.8, 143.3, 136.9, 135.5, 135.1, 134.2, 129.6, 
128.7, 127.2, 126.8, 119.8, 51.0, 48.5, 39.3, 34.3, 30.4, 29.7, 22.3, 19.8, 
13.8 

(ix) jy-brtyloxycarboon^ 
efhyl)thiophene-2-sulforiamide 

15 l B NMR 5(5% CD3OD in CDC1 3 ): 7.86 (brs, 1H), 7.51 (d,J= 7.9 Hz, 2H), 
7.18 (d, J= 7.9 Hz, 2H), 7.05 (brs, 1H), 6.99 (brs, 1H), 6,83 (s, 1H) S 5.18 (s, 
2H), 4.03 (t, / = 6.5 Hz, 2H), 3.67 (t, J= 6.2 Hz, 2H), 3,10 (t, J= 6.2 Hz, 
2H), 1.52 Cm, 2H), 1.26 (m, 2H), 0.88 (t, J= 7.3 Hz, 3H) 
13 C NMR 8(5% CD3OD in CDCI3): 151.7, 148.1, 144.7, 136.9, 135.2, 

20 134.8, 133.0, 129.9, 129.4, 127.4, 127.2, 119.8, 72.0, 66.3, 58.8, 51.1, 30.7, 
30.5, 18.8, 13.6 

Example 14 .. 

Title compounds of the Examples were tested in Tests A and B above and 
25 were found to exhibit an affinity for AT2 receptors of less than Ki - 100 

nM (e.g. less than 50 nM) and an affinity to ATI receptors of more than Ki 

= 500 nM (e.g. more than 1 jjM). 



30 
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Example 15 

Title compounds of the Examples were tested in Test C above and were 
found to stimulate markedly mucosal alkalisation. This effect was blocked 
by co-administration of the selective AT2 receptor antagonist PD123319 
(Sigma Chemical Company). 
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Claims 

1 . A compound of formula I, 




wherein 

one of Xi andX 2 represents -N- and me other represents -QR 1 )-; 
X3 represents — N- or — C(R 2 )-; 
10 . X4 represents -N- or -C(R 3 )-; 

R 1 , R 2 and R 3 independently represent H, C U6 alkyl, Ci_ s alkoxy, 
C1.6 alkoxy-Ci-e-alkyl or Halo; 

provided that, when X 1 represents -CtR 1 )-, X 3 represents -C(R 2 )- and X4 
represents -C(R 3 )-, then R 1 represents H; 
15 Y ls Y 2 , Y 3 and Y 4 independently represent -CH- or -CF-; 
. Zi represents -CH~, -O, -N- or -CH=CHs 

Z 2 represents -CH-, -O-, -S- or -N-; 

provided that: 

(a) Zi and Z 2 are not the same; 
20 (b) when Z 1 represents -CH=CH-, men Z 2 may only represent -CH- or 
-N-; and 
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(c) other than in the specific case in which Zi represents — CH=CH-, and 
Z 2 represents -CH-, when one Z Y and 7^ represents -CH-, then the 
other represents -O- or S-; 

R 4 represents -S(0) 2 N(H)C(0)R 6 , -S(0) 2 N{H)S(0) 2 R 6 ,-C(0)N(H)S(0) 2 R 6 , 
5 or, when Z x represents -CH=CH-, R 4 may represent 

-N(H)S(0)2N(H)C(0)R 7 or-N(H)C(0)N(H)S(0) 2 R 7 ; 

R 5 represents Ci_ 6 alkyl, Ci_ 6 alkoxy, alkoxy-Ci. 6 -aIkyl or di-Ci_ 3 - 
alkylammo-C M -alkyl; 

R 6 represents Cw alkyl, C w alkoxy, Ci-e alkoxy-^s-alkyl, 
10 Ci_ 3 alkoxy-Ci. 6 -a]koxy, alkylamino or di-C^ alkylammo; and 
R 7 represents Ci^ alkyl, 
or a pharmacentically-acceptable salt thereof. 

2. A compound as claimed in Claim 1 wherein, when Xi represents 
15 -CCR- 1 )-, then X 3 represents -C(R 2 )- and X4 represents -N-. 

3. A compound as claimed in Claim 2 wherein R 1 represents H. 

4. A compound as claimed in Claim 1 wherein, when Xi represents 
20 -CCR 1 )-, then X 3 and X4 bom represent N. 

5. A compound as claimed in Claim 1 wherein, when Xi represents 
-CCR 1 )-, then X 3 represents -C(R 2 )- and X4 represents -COR 3 )-. 

25 6. A compound as claimed in Claim 1, wherein, when Xi represents 
— then X 3 represents -N-. 

7. A compound as claimed in Claim 6 wherein, when X4 represents 
-CCR 3 )-, then R 3 represents H. 

30 
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8. A compound as claimed in Claim 1, wherein, when Xi represents 
-N-, then X 3 represents -C(R 2 ) and X4 represents -C(R 3 >. 

9. A compound as claimed in any one of Claims 1, 2, 4 or 6 to 8, 
5 wherein R 1 represents H, Cj. 3 alkyl or CF 3 . 

10. A compound as claimed in Claim 9, wherein R 1 represent H or ethyl. 

11. A compound as claimed in any one of Claims 1 to 3, 5 or 8 to 10 
10 wherein R 2 represents Cj. 3 alkyl, halo or H. 

12. A compound as claimed in Claim 11 wherein R 2 represents H or 
methyl. 

15 13. A compound as claimed in Claim 12 wherein R 2 represents H. 

14. A compound as claimed in any one of Claims 1, 5, 6 or 8 to 13 
wherein R 3 represents C1.3 alkyl, halo or H. 

20 15. A compound as claimed in Claim 14 wherein R 3 represents H. 

16. A compound as claimed in any one of the preceding claims wherein 
Yi, Y 2 , Y3 and Y 4 all represent -CH-. 

25 17. A compound as claimed in any one of the preceding claims wherein 
Z l represents -S- or-CH=CH-. 



18. A compound as claimed in Claim 1 7 wherein Z 1 represents -S-. 
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19. A compound as claimed in any one of the preceding claims wherein 
. Z 2 represents ^CH-. 

20. A compound as claimed in any one of the preceding claims wherein 
R 4 represents -S(0) 2 N(H)C(0)R 6 . 

21. A compound as claimed in any one of the preceding claims wherein 
R 5 represents w-butyl or iso-bxrtyl. 

22. A compound as claimed in Claim 21 wherein R 5 represents iso-butyl. 

23. A compound as claimed in any one of the preceding claims wherein, 
when R 4 represents -S(0) 2 N(H)C(0)R 6 , -S(0) 2 N(H)S(0) 2 R 6 or 
-C(0)N(H)S(0) 2 R 6 , R 6 represents K-butoxymethyl, /^-butoxy or K-butoxy. 

24. A compound as claimed in Claim 23 wherein R 5 represents /z-butoxy. 

25. A compound as claimed in Claim 1 wherein, when X^X^ and X4 all 
represent -CH-, Yi, Y 2 , Y 3 and Y 4 all represent -CH-, Zi represents -S- or 
-CH=CH-, Z 2 represents -CH- and R 5 represents rc-butyl or iso-butyl, then 
R 4 represents -S(0) 2 N(H)C(0)R 6 , in which R 6 represents -O-^butyl, -O- 
zso-propyl -O-fso-butyl or -CH 2 -0-«-butyl. 

26. A^-Butyloxycarbonyl-3-(4-imidaz;ol- 1 -ylmethylpheny^-S-rs'o-butylthio- 
phene-2-sulfonamide; 
iV"-ztfo-butyloxycarbonyI-3^4-nm^az 

thiophene-2-sulfonamide; 

iV-foo-propyloxycarbonyl-3 -{4-imidazol- 1 -ylmethylphenyl)-5 -iso-hutyl- 
thiophene-2-sulfonamide; 
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j^-Cbutoxyacet^ 
sulfonamide; 
i\T-butyloxycarbonyl-^ 
sulfonamide; 

jV"-butyloxycarbonyl-2-(4-:to 
sulfonamide; 

jV"-ta1yloxycarbanyl-5-^ 
2-sulfonamide; 

N-butyloxycarbonyl-5-wo-bu1yl-3-(4-tetxazol-l-ylmethylphenyl)t]uopIiene- 
2-sulfonamide; 

2V~butyloxycarbc>nyl-3-(4-[^^ 
tbi ophene-2 -sulfonamide; 

iV-(butylammo)carbonyl-3-(4-imidazol- 1 -ylmethylphenyl)-5-feo-butyl- 

thiophene-2-sulfonamide; 

jV^butylsulfonyl-3-(4-imidazol-l-ylm^ 

sulfonamide; 

JV-butylsulfonyl-3 -(4-imidazol- 1 -ylmethylpbenyl)-5 -z'jro-butylthiopliene-2- 
carboxamide; 

jV"-butyloxycarbonyl-447utyl-2-(4-m^ 
sulfonamide; 

A^(2-methoxyethyloxy)carbonyl-3<4-imidazol-l~ylmethylphenyl)-5-wc?- 
butylthiophene-2-sulfonamide; 

iV"-ethyloxycarbonyl-3-(4-imidazol-l-ymietbylphenyl)-5-wc>-butyltlTiophene- 
2-sulfonamide; 

^-te^butyloxycarbonyl-3-(4-imidazol~l-ylmetbylpbenyl)-5-i'5c>-bu1yl- 
thiophene-2-sulfonamide; 

Ar-butyloxycaAonyl-3-[4<4-memylimidazol-l-ybnetliyl)plienyl3-5- 
iso -butylthi opliene-2-sulfonamide; 
jV"-butyloxycarbonyl-3-(4-pyrazol-l-ylm^ 
2-sulfouamide; 
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iV"-bu1yloxycarbonyl-3-[4-(3-tri:to 
zjo-butyltliiophene-2-siilfoiiaiaide; 

N-(N-butyl-N-mefaylaimno)ctt^ 1 -ylmemylphenyi)-5- 

zso-butylmiophene-2-suIfonannde; or 

iV"-bu1yloxycarbonyl-3-(4-irtudazol-l-ylmet]iylphenyl)-5-(2-^ 
tbiophene-2 -sulfonamide. 

27. A pharmaceutical formulation including a compound as defined in any 
one of Claims 1 to 26, or a pharmaceutically acceptable salt thereof, in 
admixture with a pharmaceutically acceptable adjuvant, diluent or carrier. 

28. A compound as defined in any one of Claims 1 to 26, or a 
pharmaceutically acceptable salt thereof, for use as a pharmaceutical. 

29. A compound as defined in any one of Claims 1 to 26, or a 
pharmaceutically acceptable salt thereof, for use in the treatment of a 
condition in which selective agonism of the AT2 receptor is desired and/or 
required. 

30. A compound as defined in any one of Claims 1 to 26, or a 
pharmaceutically acceptable salt thereof, for use in the treatment of a 
condition in which endogenous production of Angll is deficient. 

31. A compound as defined in any one of Claims 1 to 26, or a 
pharmaceutically acceptable salt thereof, for use in the treatment of a 
condition in which an increase in the effect of Angll is desired or required. 

32. A compound as defined in any one of Claims 1 to 26, or a 
pharmaceuticaUy acceptable salt thereof, for use in the treatment of a 
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condition where AT2 receptors are expressed and their stimulation is 
desired or required. 

33 . The use of a compound as defined in any one of Claims 1 to 26, or a 
pharmaceuticaUy acceptable salt thereof, for the manufacture of a 
medicament for the treatment of a condition in which selective agonism of 
the AT2 receptor is desired and/or required. 

34. The use of a compound as defined in any one of Claims 1 to 26, or a 
pharmaceutically acceptable salt thereof, for the manufacture of a 
medicament for the treatment of a condition in which endogenous 
production of AnglT is deficient. 

35. The use of a compound as defined in any one of Claims 1 to 26, or a 
pharmaceutically acceptable salt thereof, for the manufacture of a 
medicament for the treatment of a condition in which an increase in the 
effect of Angll is desired or required. 

36. The use of a compound as defined in any one of Claims 1 to 26, or a 
pharmaceutically acceptable salt thereof, for the manufacture of a 
medicament for the treatment of a condition where AT2 receptors are 
expressed and their stimulation is desired or required. 

37. The use as claimed in any one of Claims 33 to 36, wherein the 
condition is of the gastrointestinal tract, the cardiovascular system, the 
respiratory tract, the kidneys, the eyes, the female reproductive (ovulation) 
system, or the central nervous system. 

38. The use as claimed in Claim 37, wherein tire condition is oesophagitis, 
Barrett's oesophagus, a gastric ulcer, a duodenal ulcer, dyspepsia (including 
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non-ulcer dyspepsia), gastro-oesophageal reflux, irritable bowel syndrome, 
inflammatory bowel disease, pancreatitis, hepatic disorders (including 
hepatitis), gall bladder disease, multiple organ failure, sepsis, xerostomia, 
gastritis, gastroparesis, hyperacidity, a disorder of the bilary tract, coelicia, 
5 Crohn's disease, ulcerative colitis, diarrhoea, constipation, colic, dysphagia, 
vomiting, nausea, indigestion, Sjogren's syndrome, inflammatory disorders, 
asthma, an obstructive lung disease (including chronic obstructive lung 
disease), pneumonitis, pulmonary hypertension, adult respiratory distress 
syndrome, renal failure, nephritis, renal hypertension, diabetic retinopathy, 
10 premature retinopathy, retinal microvascularisation, ovulatory dysfunction, 
hypertension, cardiac hypertrophy, cardiac failure, atherosclerosis, arterial 
thrombosis, venous thrombosis, endothelial dysfunction, endothelial lesions, 
post baloon dilatation stenosis, angiogenesis, diabetic complications, 
microvascular dysfunction, angina, cardiac arrhythmias, claudicatio 
15 intermittens, preeclampsia, myocardial infarction, reinfarction, ischaemic 
lesions, erectile dysfunction, neointima proliferation, cognitive 
dysfunctions, dysfunctions of food intake (hunger/satiety), thirst, stroke, 
cerebral bleeding, cerebral embolus, cerebral infarction, hypertrophic 
disorders, prostate hyperplasia, autoimmune disorders, psoriasis, obesity, 
20 neuronal regeneration, an ulcer, adipose tissue hyperplasia, stem cell 
differentiation and proliferation, cancer, apoptosis, tumours, hypertrophy 
diabetes, neuronal lesions or organ rejection. 

39. The use as claimed in Claim 38, wherein the condition is non-ulcer 
25 dyspepsia, irritable bowel syndrome, multiple organ failure, hypertension or 

cardiac failure. 

40. A method of treatment of a condition in which selective agonism of 
the AT2 receptor is desired and/or required, which method comprises 

30 administration of a therapeutically effective amount of a compound as 
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defined in any one of Claims 1 to 26, or a pharmaceutical^ acceptable salt 
. thereof, to a person suffering from, or susceptible to., such, a condition. 

41 . A pharmaceutical formulation including a compound as defined in any 
one of Claims 1 to 26, or a pharmaceutically acceptable salt thereof, and an 
ATI receptor antagonist, in admixture with a pharmaceutically-acceptable 
adjuvant, diluent or carrier. 

42. A kit of parts comprising components: 

(a) a pharmaceutical formulation including a compound as defined in 
any one of Claims 1 to 26, or a phannaceutically acceptable salt 
thereof, in admixture with a pharmaceutically-acceptable adjuvant, 
diluent or carrier; and 

(b) a pharmaceutical formulation including an ATI receptor antagonist, 
in admixture with a pharmaceutically-acceptable adjuvant, diluent or 
carrier, 

which components (a) and (b) are each provided in a form that is suitable 
for administration in conjunction with the other. 

43. A pharmaceutical formulation including a compound as defined in any 
one of Claims 1 to 26, or a pharmaceutically acceptable salt thereof, and an 
angiotensin converting enzyme inhibitor, in admixture with a 
pharmaceutically-acceptable adjuvant, diluent or carrier. 

44. A kit of parts comprising components: 

(a) a pharmaceutical formulation including a compound as defined in 
any one of Claims 1 to 26, or a pharmaceutically acceptable salt 
thereof, in admixture with a pharmaceutically-acceptable adjuvant, 
diluent or carrier; and 
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(b) a pharmaceutical formulation including an angiotensin converting 
enzyme inhibitor, in admixture with a pharmaceutically-acceptable 
adjuvant, diluent or carrier, 

which components (a) and (b) are each provided in a form that is suitable 

for adrninistration in conjunction with the other. 

45. A process for the preparation of a compound as defined in Claim 1, 
which comprises: 

(i) for compounds of formula I in which R 4 represents -S(0) 2 N(H)C(0)R S 
or -S(0) 2 N(H)S(0) 2 R 6 , and R 6 is as defined in Claim 1, reaction of a 
compound of formula IE, 



SO z NH 2 



R 5 

wherein X u X 2 , X 3s X* Y,, Y 2 , Y 3 , Y 4j Z u Z2 and R 5 are as defined in 
Claim 1 with a compound of formula HI, 

r 6 gl 1 m 

wherein G represents C(0) or. S(0) 2 (as appropriate), L 1 represents a 
suitable leaving group and R 6 is as defined in Claim 1; 
(ii) for compounds of formula I in which R 4 represents -S(0) 2 N(H)C(0)R 6 
and R 6 represents Ci_ 6 alkoxy-Ci. 6 -alkyl, coupling of a compound of 
formula II as defined above with a compound of formula IV, 

R 6a C0 2 H IV 
wherein R 6a represents C^ alkoxy-Ci_6-alkyl; 
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(iii) for compounds of formula I in which R 4 represents -C(0)N(H)S(0) 2 R 6 
and R 6 is as defined in Claim 1, coupling of a compound of formula V, 




wherein X la X 2 , X 3 , X*, Yi, Y 2 , Y 3 , Y 4 , Z u Z z and R 5 are as defined in 
5 Claim 1, with a compound of formula YI, 

R 6 S(0)2NH 2 VI 
wherein R 6 is as defined in Claim 1 ; 

(iv) for compounds of formula I in which R 4 represents -C(0)N(H)S(0) 2 R 6 
and R 6 is as defined in Claim 1, coupling of a compound of formula VII, 



VII 

pONH 2 



R5 

wherein Xi, X 2 , X 3 , X4, Yj, Y 2 , Y 3 , Y 4 > Z u Z2 and R 5 are as defined in 
Claim 1, with a compound of formula VIII, 

R 6 S(0) 2 C1 vm 
wherein R 6 is as defined in Claim 1; 

(v) for compounds of formula I in which R 4 represents 
-N(H)S(0) 2 N(H)C(0)R 7 and R 7 is as defined in Claim 1, reaction of a 
compound of formula IX, 
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IX 



HP 

wherein X 1} X 2 , X 3 , X4, Y u Y 2> Y 3j Y 4 , Z ls Z 2 and R 5 are as defined in 
Claim 1, with a compound of formula X, 

R 7 C(0)NCH)S(0) 2 C1 X 
wherein R 7 is as defined in Claim 1; 

(vi) for compounds of formula I in which R 4 represents 
-N(H)C(0)N(H)S(0) 2 R 7 and R 7 is as defined in Claim 1, reaction of a 
compound of formula IX as defined above with a compound of formula XI, 

R 7 S(0) 2 N(H)C(0)OR x XI 
wherein R x represents Ci- 2 aJDkyl and R 7 is as defined in Claim 1; 
(via) for compounds of formula I in which R 4 represents 
-N(K)C(0)N(H)S(0) 2 R 7 and R 7 is as defined in Claim 1, reaction of a 
compound of formula IX as defined above with a compound of formula XII, 

R 7 S(0) 2 NCO XH 
wherein R 7 is as defined in Claim 1 ; 

(viu) for compounds of formula I in which R 4 represents 
-S(0) 2 N(H)C(0)R 6 and R 6 represents Ci_ 6 all^lamtno, reaction of a 
compound of formula II as defined above with a compound of formula XHI, 

r^co xni 

wherein R 61 * represents Ci_ 5 alkyl; or 

(ix) for compounds of formula I in which R 4 represents 
-S(0) 2 N(H)C(0)R e and R 6 represents di-Ci.6 all<ylarmno, reaction of a 
corresponding compound of formula I in which R 4 represents 
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-S(0) 2 N(H)C(0)R 6 and R 6 represents Ci_ 6 alkoxy with, a compound formula 
XIV, 

R 6o N(H)R 6d XIV 
wherein R 6c and R 6d independently represent Cue alkyL 

5 

46. A compound of formula II as defined in Claim 45 or a protected 
derivative thereof. 

47. A compound of formula II as claimed in Claim 46, or a protected 
10 derivative thereof, wherein Xj, X 3 and X4 all represent ^CH- 3 Y 1} Y2, Y 3 and 

Y 4 all represent -CH-, Z x represents -S- or -CH=CH- 5 Z2 represents -CH- 
and R 5 represents re-butyl or iso-butyl. 

48. A compound of formula V as defined in Claim 45 or a protected 
15 derivative thereof. 

49. A compound of formula VH as defined in Claim 45 or a protected 
derivative thereof. 

20 50. A compound of formula IX as defined in Claim 45 or a protected 
derivative thereof. 
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Flemsthom, G., A. Garner, O. Nylander, B. C. Hurst, 
and J. R. Heylings. Surface epithelial HCO s transport by 
mammalian duodenum in vivo. Am. J. Physiol. 243 (Gastroin- 
test. Liver Physiol. 6): G34S-G358, 1982.— Duodenal surface 
epithelial transport of HCOi" was measured by direct titration 
in anesthetized animals. Alkalmiaation of the lumen occurred 
in all species, although basal rates varied considerably: rats 
(-10), cats (-15), pigs (-25), dogs (-25), guinea pigs (-40), and 
rabbits (-170 ueq-cm _1 -h _1 ). In cats duodenum transported 
HCOi" at a greater basal rate than jejunum (-5 fieq- cm 2 -h ) 
and developed a higher transmucosal electrical potential differ- 
ence (PD, lumen negative}. Luminal application of 10 mM HC1 
for 5 min produced a sustained increase in the rate of duodenal 
HCOi" transport that was accompanied by a rise in appearance 
of E-like prostaglandin immunoreactivity in the lumen and a 
decrease in DNA release. In cats pretreated with indomethacin 
(10 mg/kg iv), acid caused only a transient increase in HCOs 
transport. Exogenous prostaglandin E 2 (1-12 f*M, luminal) in- 
creased basal HCOs transport in cats, rats, and dogs but had no 
effect on this transport in guinea pigs and rabbits. However, 
prostaglandin E 2 increased HCOi" transport and PD in guinea 
pigs pretreated with inhibitors of tissue cyclooxygenase activity 
(indomethacin or aspirin) or gastric H + secretion (cimetidine). 
Thus the continuous exposure of the duodenum of herbivores 
to HC1 discharged from the stomach may itself stimulate 
HCOi transport via an increase in endogenous prostaglandin 
levels and render exogenous prostaglandins ineffective. Secretin 
(1-15 CU/kg iv) was without effect in both cats and guinea 
pigs. In guinea pigs, intravenous glucagon (120-360 fig -kg ■ 
IT 1 ) or gastric inhibitory peptide (5 ^g/kg) both increased 
HCOi transport but not PD. Hence, prostaglandm-stimulated 
and hormone-stimulated mechanisms ofHCOa transport prob- 
ably occur in mammalian duodenum as found previously in the 
isolated amphibian duodenum. The results suggest that epithe- 
lial HCOi' transport is a major mechanism of acid disposal, and 
thus mucosal protection, in mammalian duodenum under the 
control of hormones and endogenous prostaglandins. 

acid disposal; gut hormones; mucosal protection; prostaglandins 



mechanisms by which gastric and duodenal mucosa are 
normally able to resist intraluminal acid are not fully 
understood. In vitro and in vivo studies on the properties 
of gastric HCOJ transport have highlighted the potential 
role of a surface "mucus-bicarbonate" barrier in H + dis- 
posal and mucosal protection (5). Most of the acid se- 
creted by the stomach passes into the duodenum where 
neutrality is restored. Although pancreatic and biliary 
G348 0193-1857/E 



HCO3 is important in terms of bulk neutralization, it is 
clear that duodenal mucosa itself has an independent 
mechanism for H + disposal. Florey and collaborators (7) 
originally showed that the ability of duodenum to resist 
intraluminal acid was considerably greater than in lower 
parts of the small intestine and was unrelated to secretion 
of pancreatic or biliary HCOi". It was proposed that 
duodenal resistance to acid was due to neutralization by 
an alkaline fluid originating from Brunner J s glands or of 
other mucosal origin. Ulcers are infrequent in patients 
with occluding carcinoma of the papilla of Vater (28), 
which seems to preclude an obligatory role for pancreatic 
HCOs in duodenal mucosal protection in humans. Sub- 
sequent experiments have confirmed the capacity of duo- 
denal epithelium to dissipate acid loads (10, 14, 33). 
Proposed mechanisms include ultrafiltration and/or se- 
cretion of HCOi", K + backdiffusion, or a combination of 
these. Furthermore, duodenal secretion of HC0 3 may be 
independent of Brunner J s glands because, in dogs (10) 
and humans (33), proximal and distal segments of duo- 
denum display a similar ability to remove acid, although 
these glands are mainly confined to the proximal region. 

The mechanism and properties of surface epithelial 
HCO^ transport by proximal duodenum devoid of Brun- 
ner's glands have recently been studied in vitro. An 
isolated bullfrog preparation transported HCOi" at a 
steady basal rate (-1.0 ^aq-cm^-h -1 ) and developed a 
potential difference (PD) of 3-10 mV, lumen negative (3, 
6, 29). Rates of HCOi" transport into the lumen in duo- 
denum were considerably higher than either stomach or 
jejunum, and both the mechanism of transport and stim- 
ulatory and inhibitory pathways differ substantially from 
those of gastric mucosa (5). Thus, gastric transport in 
vitro occurs by (electroneutral) HCO3 -CI exchange at 
the luminal membranes of surface epithelial cells. In 
duodenum, however, in addition to HCOi" -Cl~ exchange 
stimulated by hormones and sensitive to furosemide to- 
gether with passive transmucosal migration of some 
HCOi", there is probably electrogenic transport of this 
ion. The latter component is independent of luminal CI 
and stimulated by dibutyryl cAMP and prostaglandins. 
As in the stomach, duodenal HCO a transport is sensitive 
to inhibitors of tissue metabolism. 

The aim of the present study was to develop a method 
to enable direct measurement of duodenal surface epi- 
thelial HCOi" transport in mammals in vivo and to com- 
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pare properties with those of the amphibian duodenum 
in vitro. In situ segments of duodenum, devoid of Brun- 
ner's glands and free from bile and pancreatic secretions, 
were investigated. Experiments were performed on an- 
esthetized cats and guinea pigs as well as on other mam- 
mals. Some of the results have been presented in a 
preUminary form at a symposium (4). 

METHODS 

Animals. The following were used: rats (300-400 g), 
guinea pigs (400-700 g), cats (2-3 kg), rabbits (3-4 kg), 
dogs (10-15 kg), and pigs (30-35 kg). All were males with 
the exception of cats and dogs, which were of either sex. 
Animals were obtained from Imperial Chemical Indus- 
tries Pharmaceuticals Division animal breeding unit with 
the exception of guinea pigs (Sahlin, Malmo, Sweden) 
and Sprague-Dawley rats (Anticimex, Stockholm, Swe- 
den). Animals were starved for 20-24 h before use and 
allowed free access to drinking water. Rodents were 
starved in cages with wide-mesh bottoms to prevent 
coprophagy, 

Guinea pig preparation. Guinea pigs were anesthe- 
tized with 1.3 g/kg urethan intraperitoneally, and body 
temperature was maintained at 37° C by means of a 
heated blanket controlled by an intrarectal thermistor. 
The trachea was cannulated and the abdominal cavity 
was opened by a midline incision. Excess urethan within 
the peritoneal cavity was removed by irrigation with 0.15 
M NaCl at 37° C. A 12-mm segment of the descending 
part of the duodenum starting 5 mm distal to the outlet 
of the bile duct, and thus proximal to the pancreatic duet, 
was cannulated in situ between the two glass limbs of a 
reservoir (Fig. 1). To prevent exposure of duodenum 
proximal to the segment under study to bile or gastric 
juice, the bile duct and pylorus were ligated (see Fig. 2) 
before closing the abdomen with sutures. To prevent 
dehydration, isotonic NaCl (1 ml-kg- 1 -^ 1 ) was infused 



intravenously throughout the experiment. The chamber 
contained 4 ml of 0.15 M NaCl, which was maintained at 
37° C with a water jacket and was circulated rapidly 
through the duodenal segment by a gas lift of 100% 0 2 
prewashed in Ba(OH) 2 . Alkalinization of the luminal fluid 
was titrated at end points of pH 7.4 or 8.0 by infusion of 
25 or 50 mM HC1 made isotonic with NaCl. Titrant 
delivery was controlled automatically by a pH electrode 
(GK 2321C, Radiometer, Copenhagen, Denmark) con- 
nected to pH-stat equipment (ABU 80, PHM 62, TTT 
80, Radiometer). Transmucosal electrical PD was re- 
corded on a high-input-impedance voltmeter via matched 
calomel half-cells. The half-cells were connected by 
means of agar bridges (2 M KCI) with their distal ends 
located in the luminal solution and superior vena cava. 
Asymmetry between the two ends of the measuring sys- 
tem (<1 mV) was determined by placing distal ends of 
the two agar bridges in a solution of 2 M KCI. To avoid 
induction of H + diffusion potentials in the bridge, PD 
was not recorded when acidic luminal solutions were 
used. 

Cat preparation. Anesthesia was induced by halothane 
(Fluothane, Imperial Chemical Industries) and main- 
tained with chloralose (100 mg/kg iv). A 16-mm segment 
of duodenum, starting just distal to the papilla of Vater, 
was cannulated for perfusion, and the common bile duct 
and pylorus were ligated (Fig. 2). A larger chamber and 
greater volume of perfusate (20 ml of 0.15 M NaCl) were 
used in the cat. The duodenal segment under study was 
always checked for accessory pancreatic ducts, which 
may occur in this species (22), and they were ligated if 
present. The rate of alkalinization of the luminal circu- 
lating solution and PD between the duodenal lumen and 
inferior vena cava were measured as described for guinea 
pigs. In some experiments, a 16-mm segment of jejunum, 
starting 15 cm distal to the pylorus, was also cannulated, 
and its properties were studied simultaneously with the 
duodenum. 




Guinea pig 



bile 
duct 



did 

FIG. 1. Diagram of glass ; chamber used to perfuse segments of duo- fig. 2. Location of duodena] segments under study in guinea t>ie 

denum. Plutd (0. 15 M NaCl), maintained at 37°C by means of a water and cat. In guinea pig, chamber was positioned distalTo bofdSrt and 
jacket, was circulated by a gas lift [100% Q* or Na). Rate of alkaiine proximal to pancreatic duct, whereas in cat perfused segmerTwas distal 
ontrolled fav a oH-stat to common bile duct (t indicates ligatures}. These segments were devoid 
of Brunner's glands. 
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Other species. Apart from the anesthetic, chamber 
dimensions, and volume of circulating fluid, experimental 
techniques were similar to those described for guinea 
pigs and cats. Rats were anesthetized with 120 mg/kg ip 
Inactin (Promonta, Hamburg, W. Germany) and rabbits 
with 1.3 g/kg iv urethan after halothane induction. An- 
esthesia was induced with 25 mg/kg iv thiopental sodium 
(Intraval, May & Baker, Dagenham, UK) in dogs and 1.0 
mi/kg im Imobilon (Reckitt & Colman, Hull, UK) in pigs. 
Anesthesia was maintained by halothane in dogs and 
pigs. The titration chamber for rats (12-mm segment 
perfused with 4 ml) was the same as for guinea pigs, and 
for rabbits (16-mm segment perfused with 20 ml) it was 
the same as for cats. In dogs and pigs, a 30-mm segment 
of duodenum was perfused with 50 ml of 0.15 M NaCl. 
The location of duodenal segments examined with re- 
spect to bile and pancreatic ducts (see Ref. 22) was as 
follows: rats, distal to outlet of common bile duct (~2 cm 
from pylorus); rabbits, distal to pancreatic (and bile) 
ducts (~5 cm from pylorus); dogs, distal to larger pan- 
creatic (and common bile) ducts (~8 cm from pylorus); 
and pigs, distal to common bile and proximal to the 
pancreatic duct (~4 cm from pylorus). 

Experimental protocol and drugs. After completion of 
surgery, luminal alkalinization and PD were allowed to 
stabilize for 45-60 min. Rates of alkalinization were de- 
termined from the amount of acid titrant infused over 
10-min intervals and expressed as microequivalents of 
base per centimeter of duodenum per hour. For intrave- 
nous administration of drugs or NaCl, the left femoral 
vein was also cannulated. In cats and rats the influence 
of topical acid was determined by replacing the circulat- 
ing fluid with a solution of 1 or 10 mM HC1 made isotonic 
with NaCl. After 5 min, the acid was removed and the 
reservoir was rinsed and refilled with 0.15 M NaCl. Dur- 
ing acid instillation experiments in rats, mean arterial 
blood pressure {right femoral artery) was recorded using 
a conventional mercury manometer. In some experi- 
ments, guinea pigs were pretreated with the histamine 
Ha-receptor antagonist cimetidine (Smith Kline & 
French, Welwyn Garden City, UK) to reduce gastric acid 
secretion. The drug was given in a dose of 20 mg/kg sc 
twice daily for the 3 days preceding an experiment and 
20 mg/kg 2 h before surgery. 

Prostaglandins E 2 (PGE 2 , Sigma Chemical, St. Louis, 
MO) and 16,16-dimethyl E 2 (Imperial Chemical Indus- 
tries) were dissolved in ethanol, stored at -20°C, and 
added to the luminal solution (topical administration) in 
a small volume (<30 ju.1) from a concentrated stock solu- 
tion (KT 2 M). Indomethacin and aspirin were purchased 
from Sigma Chemical. Stock solutions of indomethacin 
were prepared on the day of use by dissolving in ethanol 
and phosphate buffer (pH 7.4). Glucagon (pancreatic, 
mixture of porcine and bovine) was purchased from 
Sigma Chemical; gastric inhibitory peptide (GIF, por- 
cine) from Peninsula Laboratories, San Carlos, CA; and 
secretin (porcine) from Kabi Diagnostica, Stockholm, 
Sweden. Glucagon was dissolved at pH 8.9 and then pH 
was adjusted to 7.4 with HCl. GIP and secretin were 
dissolved in isotonic sterile saline at pH 7.2. Stock solu- 
tions of all hormones were prepared on the day of use 
and contained (0.5 mg/ml) bovine serum albumin (Sigma 
Chemical, crystallized). The hormones, indomethacin, 
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and aspirin were administered by slow intravenous injec- 
tion in a volume not exceeding 1 ml/kg. Luminal admin- 
istration of cyclooxygenase inhibitors was avoided be- 
cause high luminal concentrations of aspirin induce mu- 
cosal damage and increase permeability to ions, including 
HCO^S). . 

The statistical significance of data presented in this 
paper was determined using Student's t test for paired 
variates, comparing results during exposure to drugs with 
those in preceding control periods. 

Morphological examinations. In the case of guinea 
pigs and cats, the duodenal segment studied was saved 
from every third or fourth animal for histology. Two 
specimens from each of the other species were also ex- 
amined. Tissues were fixed in formol-saline (10%), 
embedded in paraffin wax, and sectioned longitudinally 
(7 |im thick). Sections were stained with hematoxylin and, 
eosin and observed by light microscopy for the presence 
of Brunner's glands and any morphological changes. 
There were no Brunner's glands in any of the sections 
from any of the species used with the exception of pigs in 
which a large number was present. Duodenal segments 
from four cats examined after exposure to HCl (1-10 
mM) and PGE 2 (6 /zM) showed a normal histological 
appearance and were indistinguishable from control (un- 
treated) specimens. 

Estimation ofDNA and E-like prostaglandin (PGE). 
Concentrations of DNA and PGE in cat duodenal per- 
fusates were measured by radioimmunoassay (16, 20). 
Samples (1 ml) of perfusate were taken every 10 min 
during acid instillation experiments and stored at — 20 °C. 
Circulating volume was kept constant at 20 ml by addi- 
tion of 0.15 M NaCl. 

For determination of DNA, aliquots of perfusate and 
0.1 M Tris buffer (50 /d of each) were incubated with 0.08 
uCi of tracer obtained from anti-DNA kit IM 76 (The 
Radiochemical Centre, Amersham, UK) and human sys- 
temic lupus erythematosus-positive serum, diluted to 
bind approximately 50% of the tracer. Residual tracer 
was separated by precipitation with saturated (NH^SO^ 
and centrifugation (1,500 g for 15 min) at 4°C, and 
activity was determined in an automatic gamma counter 
(LKB Instruments, Turku, Finland). The amount of 
DNA was calculated by comparison with standard dis- 
placement curves of calf thymus DNA (Sigma Chemical) 
in the range 0.05-5.0 [xg. The antiserum cross-reacted by 
only 0.4% with RNA and not at all with either sialic acid 
or heparin. 

PGE-like immunoreactivity in 100-jnl aliquots from the 
same duodenal samples was measured by comparison 
with the displacement of [ H H]PGE 2 (TRK 431, The Ra- 
diochemical Centre) from anti-PGE antiserum (PRE 4, 
Miles Yeda, Slough, UK) by standard amounts of PGE 2 
in the range 15-200 pg. Tracer remaining in 0.1-ml ali- 
quots of supernatant obtained by centrifugation (2,000 g 
for 15 min) at 4°C, after adsorption of unbound prosta- 
glandin on dextran-coated charcoal, was estimated by 
liquid scintillation spectrometry (Phillips, Rotterdam, 
Holland). 

RESULTS 

Evaluation of technique. Duodenum in all species 
examined (rats, guinea pigs, cats, rabbits, dogs, and pigs) 
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alkalinized the luminal solution as determined by pH- 
stat titration at an end point of pH 7.4. Apart from 
rabbits and pigs, in which no measurements were taken, 
the duodenum of each species developed a transepithelial 
electrical PD (1-10 mV, lumen negative). In cats, rats, 
and guinea pigs, there was a decrease in luminal alkalin- 
ization in animals in which the level of anesthesia was 
either too superficial or too deep. Special attention was 
therefore paid to maintain anesthesia at stage 3a, and 
experiments in which this level could not be satisfactorily 
controlled have been excluded. Similarly, stretching the 
mesentery during operation increased alkalinization tran- 
siently (~30 min) in both cats and guinea pigs, while 
intravenous bolus injection of larger {>2.0 ml in cats and 
>0.5 ml in guinea pigs) volumes also resulted in transient 
increases in duodenal alkalinization. Care was thus taken 
to ensure rigid positioning of titration chamber, animal, 
and associated apparatus throughout experiments. Drugs 
and hormones were only administered when steady basal 
rates of transport had been recorded for 45 min or longer 
and the volume of fluid injected intravenously was kept 
to the minimum. Careful control of body temperature 
and a constant rate of gassing of the luminal perfusate 
were also necessary to obtain stable rates of alkaliniza- 
tion. 

During surgery, extreme care was taken to avoid tying 
off blood vessels supplying the segment under study or 
adjacent tissue. These were checked for normal color and 
configuration after completion of surgical procedures and 
at the end of experiments. Change of gassing from 100% 
0 2 to 100% N 2 for a 30-min period in cats or guinea pigs 
(n = 6 for both) had no effect on either the rate of 
duodenal luminal alkalinization or PD, further indicating 
that vascular perfusion of the tissue segments was ade- 
quate. Interference with blood supply by tying off vessels 
supplying segments of cat duodenum or jejunum (n = 4 
for both) resulted in net acidification of the luminal 
solution of both tissues and was accompanied by discol- 
oration of the mucosa. These observations may be com- 
patible with the luminal acidification by duodenal and 
jejunal mucosa observed in some mammalian prepara- 
tions in vitro (21). 

To preclude the possibility that passive diffusion of H + 
from the luminal solution contributed to measured rates 
of alkalinization, luminal pH was always maintained 
above tissue pH. A titration end point of pH 7.4 was used 
routinely. However, pH 8 .0 was used in some experiments 
with the guinea pig (n = 8) and gave values for transport 
rate that were identical to those measured at end-point 
pH 7.4. Titration thus necessitated efficient removal of 
C0 2 formed during reaction between titrant (HC1) and 
secreted HCO s together with any CO a that may diffuse 
into the luminal solution from the tissue (5). With the 
design of chambers and (rapid) gassing by O a used in the 
present study, 93-102% of exogenous HCO3 (5-20 /teq) 
was titrated within 5 min of addition (n = 12). Exogenous 
NaOH was titrated more rapidly (within 2 min). This 
difference probably reflects time required for conversion 
of some HCO.i _to CO|~ and removal of CG 2 . 

Basal HCO3 transport and PD. Basal rates of duo- 
denal epithelial HCO s transport and transmucosal PD 
(lumen negative) are shown in Table 1. Although alkalin- 
ization of the luminal solution was observed in all six 
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species, transport rates were not directly comparable due 
to differences in diameter (and thus in surface area) of 
tissue between the limbs of the perfusion chamber 
Nevertheless, HCO3 transport by rabbit duodenum was 
considerably greater than in other species studied. Pigs 
were the only species in which Brunner's glands were 
present m the segment under study. This was not asso- 
ciated with higher HCOs rates. 

In the cat, basal rates of HCO.i" transport and PD in 
duodenum and jejunum were compared in the same 
animal (Table 2). Both were considerably greater in the 
duodenum. 

Stimulation by luminal acid. Effects of luminal (topi- 
cal) application of 1 and 10 mM HC1 (NaCl to isotonicity) 
on HC0 3 transport in the cat are shown in Pig 3 A 
slight but nonsignificant (P > 0.05) rise in alkalinization 
occurred after instillation of 1 mM HC1 for 5 min while 
exposure to 10 mM HC1 significantly (P < 0.01) increased 
HCO a transport. After exposure to 10 mM HC1 the rate 
of duodenal HC0 3 transport remained elevated within 
the experimental periods tested in the present study (up 
to 80 mm). Administration of indomethacin (10 mg/kg 
iv) inhibited (0.01 < P < 0.02) this sustained response to 
acid. There were no significant changes in PD associated 
with stimulation by luminal acid or inhibition of trans- 
port by indomethacin. The effect of luminal HC1 was also 
determined in cats given indomethacin before exposing 
the duodenal lumen to acid (Fig. 4). Basal rates were 
lower in these indomethacin-treated animals as com- 
pared with the control group (2.5 and 5.4 ^.cm" 1 - 
h~ ). Further, exposure of the duodenum to 10 mM 
luminal HC1 for 5 min caused a marked increase in the 

table 1. Duodenal HCO 3 transport 
and PD in different mammals 

BsLsal Values PGE-.. 6 uM 



Species 


HC0.T,£eq. 


PD.mV 




HCQu 
- ^increase 




Rat 


10.0 ± 0.8 


0.9 ± 0.1 


44 


84 


7 


Cat 


16.9 ± 2.2 


2.9 ± 0.2 


82 


138 


16 


Pig 


24.6 ± 5.7 


Not measured 


3 


Not tested 




Dog 


25.9 ± 13.4 


3.3 ±1.5 


6 


103 




Guinea pig 


39.0 ±3.1 


1.6 ± 0.6 


35 


No effect 


9 


Rabbit 


154.4 ± 21.1 


Not measured 


8 


No effect 


3 



Values 



5 ± SE; t, 



■-. — ■ of animals. Steady-state control 

values for the rate of duodenal HCOiT transport and transepithelial 
electncal potential difference (PD, lumen negative) are shown. The 
mean percentage increase in rate of HCOJ transport 30 min after 
luminal (topical) administration of 6 prostaglandin E> <PGE 2 ) is 
also given. 

table 2. Comparison of duodenal and jejunal 
HC0 3 transport and PD in the cat 



Duoder 
Jejunui 



16.9 ± 3.3 2.8 ii 0.6 
5.4 ± 1.4 0 ± 0.5 



Means ± SE of steady-state values are shown for duodenum and 
jejunum from the same cat (« = 6). Prostaglandin E 2 (PGE 2 ) was 
applied luminally, and the rate of UCOS transport and transepithelial 
electrical potential difference (PD, lumen negative) recorded 30 min 
after addition are given. 
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fig. 3. Influence of luminal acidifi- 
cation (1 and 10 mM HC1 for 5 min) on 
rate of HCOJ transport and transepithe- 
lial electrical potential difference (PD) 
in cat duodenum. Lower panel: outputs 
of DNA and prostaglandin E-like im- 
munoreactivity into circulating solu- 
tions. Acid (10 mM HC1) stimulated 
HCOa transport, and this response was 
inhibited by indomethacin (10 mg/kg iv, 
n = 5). There was no decline in acid- 
treated controls not given indomethacin 
{dotted line, n = 3). Increase inHCO ;i 
transport was accompanied by a rise in 
prostaglandin release and a fall in DNA 
output. Mean values ± SE are shown. 



rate of alkalinization, but the response was transient in 
comparison with that recorded in animals not pretreated 
with indomethacin. 

The influence of luminal acidification on levels of DNA 
and prostaglandin E-like activity in the circulating fluid 
were used as indices of mucosal cell loss and endogenous 
prostaglandin production (Fig, 3). A decrease in DNA 
output occurred after exposure to both 1 and 10 mM 
HC1. Acid itself (up to 100 mM HC1) did not interfere 
with the radioimmunoassay of DNA. The concentration 
of PGE-like immunoreactivity in duodenal perfusates 
was not altered after exposure to 1 mM HC1, but a sharp 
increase in mean output (0.02 < P < 0.05) occurred 35- 
45 min after 10 mM HC1. There was an immediate return 
to preexposure levels after administration of indometh- 
acin. 

Effects of luminal HC1 were also tested in rats (Fig. 5) 
and guinea pigs. In the former, topical acid induced a 
small but sustained increase in HCO a transport (P < 
0.01) that was inhibited (P < 0.01) by aspirin (30 mg/kg 



iv). The increase in duodenal HCOJ transport in the rat 
in response to acid was thus similar in profile but smaller 
in magnitude than in the cat. In addition, in rats there 
were no changes in mean arterial blood pressure jiccom- 
panying either stimulation or inhibition of HCO fl trans- 
port. Basal rates of transport in segments of guinea pig 
duodenum were higher than in cats or rats, and in guinea 
pigs 10 mM HC1 had no significant (P > 0.05, n = 4) 
effect on duodenal HC0 3 transport. 

Effects of exogenous prostaglandins and cyclooxygen- 
ase inhibitors. In the basal secreting cat, PGE 2 caused a 
dose-dependent rise in HCOa transport (P < 0.01 at 6 
uM) and PD (0.01 < P < 0.02 at 6 fiM) when added to 
the luminal solution (Fig. 6). Exogenous PGE 2 (6 /xM, n 
- 7) also reversed (P < 0.01) the inhibitory action of 
indomethacin on acid-stimulated HCOa transport (cf. 
Fig 3) and this response was accompanied by a rise in 
PD. In the rat, 3-12 juM PGE 2 (luminal) induced a dose- 
dependent stimulation of duodenal alkalinization (P < 
0 01 at 12 fiM, n = 7), but there was no significant 
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B P (mm Hg) 



tim« (min) 

u™'/ Effect of pretreatment with indomethacin (10 mg/kg iv) on 
HLOi transport in response to luminal acidification (10 mM HC1 for 5 
mm) in cat duodenum. Compared with untreated animals, in which 
increase m HCO, transport was sustained, cafe pretreated With indo- 
methacin showed only a transient response to acid. Mean values ± SE 
are shown (n = 5). 

increase in PD (P > 0.05) in this species. A single con- 
centration only (6 fiM, n = 4) was used in the dog, and 
duodenal epithelial HCOj transport rose from 27.5 ±6.6 
to 55.8 ± 16.7 Meq-cm- 1 .h- 1 (0.02 < P < 0.05} 30 min 
after administration. Effects of prostaglandin were not 
Tt?^ Pig- As in the duodenum, jejunal transport 
of HC0 3 and transmueosal PD in the cat were increased 
by luminal PGE e (Table 2). The magnitude of these 
increases were similar such that the ratio between duo- 
denal and jejunal transport rates and PD (duodenum 
greater) remained unchanged. 

In contrast to the findings in cats, rats, and dogs, PGE 2 
(6 ^M) had no effect on basal duodenal HCOj transport 
or PD in either guinea pigs or rabbits (Table 1). Likewise, 
the synthetic analogue 16, 16- dimethyl PGE 2 {2-10 pM, n 
- 4) was without effect on basal transport (or PD) in the 
guinea pig. 

A species difference was also observed with respect to 
the action of inhibitors of tissue prostaglandin synthesis. 
Thus, mdomethacin (10 mg/kg iv, n = 6), although 
causing a slight decrease, had no significant (P > 0 05) 
effect on basal HCO3 transport or PD in the cat. In the 
guinea pig, indomethacin (10 or 25 mgAg) inhibited 
basal transport (0.01 < P < 0.02 for both doses) and also 
decreased PD (Pig. 7). Similarly, aspirin (10-30 mgAg 
n = 5) decreased basal HCOi" transport {P < 0.01) in the 
guinea pig (Fig. 8) but had no effect in the cat (n = 2) 

Inhibition of basal HCOj transport in guinea pigs but 



time (min) 

_ " G - 5 ; Luminal acidification with 10 mM HC1 for 5 min stimulated 
duodenal HCO.? transport in rat. This response was sensitive to aspirin 

S2w££? mnF"" WSS a sliKht - increase to ^epithelial potential 
difference (PD) m response to acid, but neither increase nor decrease 
in HC0 3 transport was associated with changes in mean arterial blood 
pressure (BP). Mean values ± SE are shown in controls exposed to 
acid only (n = 5) and after administration of aspirin (n - 8). 
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PIG. 6. Luminal administration of prostaglandin E 2 (PGE*, 3-6 uM) 
produced a dose-dependent increase in duodenal HCO.T transport and 
transepithelial potential difference (PD) in cat. Mean values ± SE £e 
snown [n = 5), 

not cats by cyclooxygenase inhibitors suggested that in 
the former species, high levels of endogenous prostaglan- 
din might render duodenal epithelium insensitive to ex- 
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fig. 7. Effects of indomethacin (10 and 25 mg/kg iv) on_HCO ; , 
transport in guinea pig duodenum. Both closes inhibited HCO.-, trans- 
port and reduced potential difference (PD) . At lower dose of indometh- 
acin (10 mg/kg) secretion recovered in response to luminal prostaglan- 
din Ei! (PGE 2 ), whereas at higher dose {25 mg/kg) secretion was 
insensitive to subsequent administration of this prostaglandin. Mean 
values ± SE are shown (n = & for both series). 
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(30 mg/kg) 1,5 uM 10 uM 




Guinea pig duodenum 



0 L J , I . 1 i 1 

0 60 520 1B0 

fig. 8. Experiment to illustrate effect of aspirin and prostaglandin 
E a (PGE 2 ) on duodenal HCOiT transport in guinea pig. Although PGE 2 
(up to lO" jM luminaUy) had no effect in basal secreting preparations, 
this agent caused a dose-dependent stimulation of duodenal HGOJ 
transport in animals preheated with aspirin (30 mg/kg iv). 

ogenous administration of these agents. Effects of exog- 
enous PGE 2 were therefore tested in guinea pigs pre- 
treated with intravenous indomethacin (Pig. 7) or aspirin 
(Fig. 8). In both cases, HCOs transport was stimulated 
by luminal PGE 2 (P < 0.01 in animals treated with 10 
mg/kg indomethacin or 30 mg/kg aspirin). However, 
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exogenous PGE 2 had no effect in guinea pigs treated with 
a high dose (25 mg/kg) of indomethacin. 

Being exclusively herbivorous animals, the duodenum 
of guinea pigs (and rabbits) should be continuously ex- 
posed to acid discharged from the stomach. The influence 
of exogenous PGE E was therefore also determined in 
guinea pigs pretreated with the histamine H 2 -receptor 
antagonist cimetidine to reduce gastric H + secretion. In 
these animals, PGE 2 (12 juM) increased HCOs transport. 
(—30%) and PD (—40%) in four out of six experiments. 
The cat is an intermittent feeder and, although PGE £ (6 
jliM) stimulated basal HCOi" transport in untreated cats 
(Pig. 6) , it had no further effect in cat duodenum stimu- 
lated by preexposure to acid (10 raM HC1 for 5 min, n = 
3). Thus, preventing exposure of guinea pig duodenum to 
acid by inhibition of gastric secretion induced sensitivity 
to exogenous PGE2, whereas exposure of cat duodenum 
to HC1 reduced sensitivity to PGE 2 . 

Effects of some gut hormones. In vitro studies using 
amphibian duodenum have shown that GIP and low 
concentrations of (pancreatic) glucagon stimulate 
HCOJ transport, whereas higher concentration of gluca- 
gon are inhibitory and secretin is without effect (5). In 
cats and guinea pigs, secretin in doses previously shown 
to stimulate pancreatic HCOs secretion (2) had no effect 
on duodenal HCO3 transport in vivo (Fig. 9). As a test of 
the responsiveness of preparations, PGEa {6 i±M) was 
administered at the end of these experiments. This agent 
increased HCOiT transport and PD in the cat but, as 
discussed previously, had no effect in the guinea pig. 

Effects of glucagon (continuous infusion) and GIP 
(bolus injection) were determined in the guinea pig. 
Although insensitive to exogenous PGE 2 , both glucagon 
and GIP increased duodenal HCO3 transport. Infusion of 
glucagon at a dose of 120 jug-kg _1 -h _1 produced a tran- 
sient rise in HCOi" transport, but higher doses had either 
no effect or decreased transport rate (Fig. 10). Essentially 
similar responses (transient increase at low doses and 
inhibition at high doses) occurred after a bolus injection 
of glucagon (4-45 jug/kg) in both guinea pigs (n = 7) and 
cats (71 = 5). GIP (5 Mg/kg iv) increased HCOs transport 
in the guinea pig {P < 0.01), whereas a higher dose (15 
ju,g/kg) produced no further increase (Fig. 11). The 
changes in transport rate were not accompanied by 
changes in PD with either glucagon or GIP. 



DISCUSSION 

Duodenal mucosa from all the species examined spon- 
taneously alkalinized the luminal bathing solution at a 
steady basal rate. With the exception of pigs, the segment 
of duodenum studied was devoid of Brunner's glands 
and, in every case, of pancreatic and bile secretions. The 
alkaline secretion thus originated from the duodenal 
epithelium per se. Titration end points of pH 7.4 and 8.0 
were used to maintain a very low luminal H + concentra- 
tion and thus preclude passive diffusion of H + from 
lumen into tissue, contributing to measured rates of 
alkalinization. Alkaline secretion may then reflect secre- 
tion of HCOT (or OH") into the lumen or active transport 
of H + from the lumen. Previous demonstrations of Pco 2 
levels in the duodenal lumen (devoid of pancreatic or bile 
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fig. 9. Secretin (1-15 CU/kg iv) had 
no effect on duodenal HCO:7 transport 
and transepitheiial potential difference 
(PD) in either cat or guinea pig. Al- 
though prostaglandin E L . (PGEa, S jiM) 
stimulated secretion and increased PD 
in cat, this agent had no effect in basal 
secreting guinea pig preparations. Mean 
values ± SE are shown (n. - 5 for cat and 
n = 4 for guinea pig}. 



HC0 3 ) considerably above those in tissue or blood (10, 
14) strongly suggest that secretion ofHCOa is the case! 
This may occur by transport of this ion per se or, as 
discussed for other epithelia (1), be the result of cell 
membrane transport of H + or OH~ combined with 
counter/cotransport of C0 2 . 

There were considerable differences in basal rates of 
duodenal HCOi" secretion among species, although these 
rates were consistently greater than in the stomach. For 
example, HCOj output from 1 cm of guinea pig duo- 
denum (-40 jueq/h) is as great as that of the entire 
stomach (8) in animals of the same size and exposed to 
the same anesthesia. Similarly, much higher duodenal 
than gastric (5, 9, 17) HC0 3 rates occur in cats and dogs. 
These data are analogous to findings with bullfrog in 
vitro preparations in which duodenal HCOs transport 
(-1.0) is much higher than in either gastric antrum 
(-0.45) or fundus (-0.55 jueq.cm _2 -h _1 ) from the same 
species (3). When rates of HCOJ transport in the same 
animal (cat) were compared, basal and prostaglandin- 
stimulated transport was also greater (threefold) in the 
duodenum than in the jejunum (Table 2). In the cat, 
stimulation of jejunal transport was associated with an 
increase in FD (lumen negative) as found previously in 
the dog (25). Higher rates of HCO3 transport in duo- 
denum compared with jejunum have also been observed 
from amphibian intestine in vitro (29). The ability of 
duodenum to secrete HCOl at a high rate is of interest 
in view of its regular exposure to acid. 

Exposure of cat and rat duodenum to exogenous acid 
(10 mM HC1) resulted in an increase in the rate of 
HCOs transport. The fall in DNA release after acidifi- 
cation makes it very unlikely that either the increase in 




fig. 10. Glucagon was infused intravenously in guinea pig at doses 
of 120 and 360 ftg-kg -1 -h _1 . Low doses of hormone transiently stimu- 
lated HCOJ transport in guinea pig duodenum, whereas higher doses 
were inhibitory. No changes in transepitheiial potential difference (PD) 
occurred in any experiments after administration of glucagon. 



HG0 3 secretion or prostaglandin output was due to 
mucosal damage (cellular exfoliation). It is thus probable 
that the increase in HCOi" transport afforded adequate 
protection of the mucosal surface from H + . 

The appearance of prostaglandin in the lumen and the 
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FIG. 11. Gastric inhibitory peptide (GIP) stimulated duodenal 
HCO.T transport in guinea pig after intravenous injection at a dose of 5 
ne/kg. No farther increase in secretion occurred when dose was raised 
to 15 /ig/kg, and there were no changes in transepithelial electrical 
potential difference (PD) at either dose. Mean values ± SE are shown 
(n = 6). 

rise in HCO,T transport after exposure to acid were in- 
hibited by indomethacin (Fig. 3), suggesting a role of 
endogenous prostaglandins in mediating the response. 
There was a time lag between the rise in HCO3 and the 
increase in luminal prostaglandin appearance that may 
reflect time for diffusion of prostaglandin from tissue to 
lumen. In contrast to the response to acid, however, 
stimulation by exogenous PGE 2 in the cat (but not the 
rat) was associated with a rise in PD. Further, an increase 
in duodenal HCOj transport after exposure to acid also 
occurred in animals pretreated with indomethacin, al- 
though the profile in the response (sustained in the 
absence of indomethacin and transient in the presence of 
this agent) differed. Thus, it is possible that both endog- 
enous E-type prostaglandins and other mediators/mech- 
anisms are involved in mediating stimulation of duodenal 
HCOi" transport in response to acid and that interactions 
occur. Experiments in amphibian isolated gastric and 
duodenal mucosa in vitro (12) suggest a transient increase 
in HCO.T transport in response to luminal acid mediated 
by a humoral (nonprostaglandin) mechanism. The design 
of the present experiments cannot exclude involvement 
of a nervous reflex in addition to humoral mediation. 

Exogenous PGE 2 stimulated epithelial HCOj transport 
in cat, rat, and dog duodenum but did not affect basal 
transport in guinea pigs and rabbits. A similar species 
difference was observed with respect to the action of 
exogenous acid, which failed to stimulate (basal) duo- 
denal HCOJ transport in the guinea pig. The apparent 



lack of response to PGE 2 in untreated guinea pigs prob- 
ably results from high levels of endogenous prostaglandin 
induced by continuous exposure of the duodenum to acid 
emptying from the stomach. Thus, PGE 2 stimulated 
HCOi" transport in animals pretreated with inhibitors of 
tissue prostaglandin synthesis or when a histamine H 2 - 
antagonist had been used to inhibit gastric acid secretion. 
A difference between herbivores (continuous feeders) 
and carnivores (intermittent feeders) has also been ob- 
served with respect to stimulation of pancreatic HCOi 
secretion (2). The lack of response to PGE 2 in guinea pigs 
pretreated with a high dose (25 mg/kg) of indomethacin 
may be in accordance with reported effects of this agent 
on intestinal mucosa unrelated to inhibition of tissue 
cyclooxygenase activity (32). It was also observed in the 
present study that exposure of cat duodenum to acid 
rendered this tissue refractory to exogenous PGE2 (6 fiM) 
and that inhibitors of endogenous prostaglandin synthe- 
sis attenuated basal transport of HCO3 in guinea pig 
duodenum but not in cat. This is further evidence for 
involvement of endogenous prostaglandins in mediating 
stimulation of HCOi" transport by luminal acid in both 
herbivores and carnivores. 

Secretin is a potent stimulant of pancreatic HC0 3 
secretion (2) but had no effect on duodenal HCOj trans- 
port in either guinea pigs or cats. Both glucagon and GIP 
stimulated HCOi" transport. These responses were not 
accompanied by a rise in PD. Recent studies in the 
isolated amphibian mucosa have demonstrated that 
proximal duodenum probably possesses two mechanisms 
for transport of HCOi" (6). One mechanism that may be 
electrogenic (29) is stimulated by prostaglandins and 
cAMP and another (electroneutral) is stimulated by glu- 
cagon and GIP and inhibited by furosemide. Only the 
latter is dependent on luminal CT\ suggesting occurrence 
of CI -HCOi" exchange at the luminal cell membrane, 
and is thus comparable with HCO3 transport by gastric 
mucosa (5) or lower parts of the small intestine (15, 24, 
31). Effects of prostaglandins and hormones in vitro are 
also additive . (6). The present finding that GIP {Fig. 11) 
and glucagon stimulate duodenal HCOi" transport in 
basal secreting guinea pig preparations, in spite of their 
insensitivity to exogenous PGE 2 (Fig. 9), is alsosuggestive 
of additive effects in vivo. Properties of HC0 3 transport 
by mammalian duodenum in vivo thus seem very similar 
to the metabolism-dependent process previously dem- 
onstrated in vitro. 

With the exception of pigs, Brunner's glands were 
absent in all segments of duodenum from the species 
studied. Proximal and distal duodenum in dogs (10, 14) 
and humans (33) disposes of instilled HC1 at about an 
equal rate, although in both these species Brunner's 
glands are mainly confined to the proximal portion. Thus, 
it seems probable that surface epithelium rather than 
Brunner's glands is responsible for removal of H + . Glu- 
cagon, crude extracts of duodenal mucosa, and some (but 
not all) preparations of secretin have previously been 
reported to increase secretion in duodenal pouches of the 
Br unn er's gland area in the dog (13, 30), whereas aspirin 
has been reported to be inhibitory (27). These results 
were interpreted as effects on Brunner's gland secretion. 
However, it should be stressed that fluid and electrolytes 
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appearing in a proximal duodenal pouch may originate 
from surface epithelial cells and/or Brunner's glands. 
Use of rnicropuncture techniques would seem necessary 
to determine whether these glands secrete HCOi" and 
whether such a secretion could be stimulated. The pres- 
ent study as well as previous results in proximal amphib- 
ian duodenum (6) suggest that the surface epithelium is 
the origin of duodenal HCOi" secretion affected by glu- 
cagon and aspirin, a property previously attributed to 
Brunner's glands. 

Assuming cat duodenum to be a cylinder of 6 mm 
diameter, acid-stimulated HCOjT transport would remove 
H + at a rate of 0.3-0.4 jueq-cm _2 -min -1 . Similarly, basal 
secreting guinea pig duodenum (assuming a cylinder of 
4 mm diameter) would neutralize intraluminal acid at a 
rate of ~0.5 /leq-cm^-rnin" 1 , and transport in the dog 
(8-mm-diameter cylinder} . stimulated by PGE 2 (6 fiM) 
would remove acid at a rate of ~0.4 ueq-cm~ 2 .min - '. 
These figures compare favorably with the rate of loss of 
H + of 0.5-0.6 /Lieq.cm _2 .min _1 from acid solutions (100 
mM HC1) instilled into canine distal or proximal duo- 
denum (14). The combined data suggest that epithelial 
HCO3 transport alone may account for acid disposal by 
duodenal mucosa. Previous workers have proposed that 
neutralization by HCOi" of mucosal origin could account 
for some 50% of H" K disappearance, with the remainder 
being lost by diffusion of fT into the epithelium (10, 33). 
It should be noted, however, that HCO.i" transport was 
quantified by direct titration in the present study, 
whereas previous (10, 14) studies have estimated duo- 
denal HCO3 transport from luminal PCO2. This approach 
may underestimate the magnitude of HCO.i" secretion 
due to loss of C0 2 by absorption into the mucosa. Unlike 
the stomach (8, 17), duodenum (10, ^6) seems to absorb 
C0 2 relatively rapidly. 

In view of the high frequency of duodenal ulceration, 
mechanisms of duodenal H + disposal are important to 
understand. Although pancreatic and bile secretions pro- 
vide a major source of HCOi" entering the duodenal 
lumen, it would seem logical that pH at the mucosal 
surface is of greater significance in relation to mucosal 
protection than pH of the luminal bulk solution. Struc- 
tural studies on intestinal mucus gel (23) suggest that its 
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CHAPTER 2 



1 ARM&COD YN A MICS 
Mechanisms of Drug Action and the Relationship 
Between Drug Concentration and Effect 



Elliott M. Ross 



This chapter provides an introduction oftlie concept of receptors, the structural and func- 
tional families of receptors, and the interplay between the diverse signaling pathways 
activated by receptor occupancy. These introductory concepts are amplified in subsequent 
chapters detailing the structure and function of receptors for individual drug groups^ The 
latter half of the chapter describes the historical development of receptor theory and pre- 
sents means for quantifying receptor activation by agonists and blockade, by antagonists. 
The functional relevance of partial agonists and inverse antagonist? also is described as 
a prelude to the intentional development of mechanistically diverse drugs via classical or 
new combinatorial strategies. 



Pharmacodynamics can be defined as the study of the bio- 
chemical and physiological effects of drugs and their 
mechanisms of action. The objectives of the analysis of 
drug action are to delineate the chemical or physical in- 
teractions between drug and target cell and to characterize 
the full sequence and scope of actions of each drug. Such 
a complete analysis provides the basis for both the ration- 
al therapeutic use of a drug and the design of new and su- 
perior therapeutic agenis. Basic research in pharmacody- 
namics also provides fundamental insights into biochemical 
and physiological regulation. 



MECHANISMS O.F DUVG ACTION 
The effects of most drugs result from Uieir interaction with 
macromolecular components of the organism. These inter- 
actions alter the function of the pertinent component and 
thereby initiate the biochemical and physiological changes 
that are characteristic of the response to the drug. This 
concept— ^now obvious — had its origins in the experimental 
work of Ehrlich and Langley during the late nineteenui and 
early twentieth centuries. Ehrlich was struck by the high 
degree of chemical specificity for the antiparasitic and 
toxic effects of a variety of synthetic organic chemicals. 
Ungley noted the ability of the South American arrow poi- 
son, curare, to inhibit the contraction of skeletal muscles 
caused by nicotine; however, the tissue remained respon- 
SlVe to direct electrical stimulation. The term receptor was 



coined to denote the component of the organism with 
which the chemical agent was presumed to interact. 

The statement that the receptor for a drug can be any 
functional macromolecular component of the organism has 
several fundamental corollaries. One is that a drug potentially 
is capable of altering the rate at which any bodily function 
proceeds. Another is that drugs do not create effects, but 
instead modulate functions. 



Drug Exceptors 

At least from a numerical standpoint, proteins form the 
most important class of drug receptors. Examples are the 
receptors for hormones, growth factors, and neurotrans- 
mitters, the enzymes of crucial metabolic or regulatory 
pathways (e.g., dihydrofolate reductase, acetylcholines- 
terase), proteins involved in transport processes (e.g„ 
Na + ,K H "-ATPase), or proteins that serve structural roles 
(e.g.', tubulin). Specific binding properties of other cellu- 
lar constituents also 'can be exploited. Thus, nucleic acids 
are important drug receptors, particularly for cancer 
chemotherapeutic agents. 

A particularly important group of drug receptors are 
proteins that normally serve as receptors for endogenous 
regulatory Jigands (e.g., hormones, neurotransmitLers). Many 
drugs act on such physiological receptors and are often 
particularly selective, because physiological receptors arc 
specialized to recognize and respond to individual signal- 
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mg molecules with great selectivity. Drugs that bind to 
physiological receptors and mimic the effects of the en- 
dogenous regulatory compounds are termed agonists. 
Other drugs bind to receptors and do not mimic, but in- 
terfere with, the binding of the endogenous agonist. Such 
compounds, which are themselves devoid of intrinsic reg- 
ulatory activity, but which produce effects by inhibiting the 
action of an agonist {e.g., by competition for agonist binding 
sites), are termed antagonists. There are additional subtleties 
to drug classification. Thus, agents that are only partly as 
effective as agonists are termed partial agonists, and those 
that stabilize the receptor from undergoing productive 
agonist-independent conformational changes are termed 
negative antagonists or inverse agonists. (See below 
"Quantitation of Drug-Receptor Interactions and Elicited 
Response") 

The binding of drugs to receptors can involve all 
known types of interactions— ionic, hydrogen bonding 
hydrophobic, van der Waals, and covalent. In most inter- 
actions between drugs and receptors, it is likely that bonds 
of multiple types are important. If binding is covalent, the 
duration of drug action is frequently, but not necessarily, 
prolonged. Noncovaient interactions of high affinity also 
may appear to be essentially irreversible. 

Structure-Activity Relationship and Drug Design. Both 
the affinity of a drug for its receptor and its intrinsic activity 
are determined by its chemical structure. This relationship 
is frequently quite stringent. Relatively minor modifica- 
tions u the drug molecule may result in major changes in 
pharmacological properties. 

Exploitation of structure-activity relationships has on 
many occasions led to the synthesis of valuable therapeutic 
agents. Because changes in molecular configuration need 
not alter all actions and effects of a drug equally, it is some- 
times possible to develop a congener with a more favorable 
ratio of therapeutic to toxic effects, enhanced selectivity 
among different cells or tissues, or more acceptable sec- 
ondary characteristics than those of the parent drug. Ther- 
apeutically useful antagonists of hormones or neurotrans- 
mitters have been developed by chemical modification of 
the structure of the physiological agonist. Minor modifi- 
cations of structure also can have profound effects on the 
pharmacokinetic properties of drugs. 

Given adequate information about both the molecular structures 
and the pharmacological activities of a relatively large group of con- 
geners, it should be possible to identify those properties that are re- 
quired for optimal action at the receptor— size, shape, the position 
and orientation of charged groups or hydrogen bond donors, and so 
on. Recent advances in computational chemistry, structural analysis 
of organic compounds, and she biochemical measurement of the pri- 



mary actions of drugs at their receptors have enriched the quantita- 
tion of structure-activity relationships and its use in drag design 
(Kuntz, 1992- Schreiber, 1992). By accurately and quantitatively cor- 
relating the pharmacologics! activities of multiple drugs with their 
molecular structures-their overall shapes and the locations and ori- 
entals of chemically interactive groups on their surfaces— it is 
possible to model accurately the structure of the binding site on the 
receptor. Such detailed models allow the informed design of im- 
proved congeners or the de novo design of novel compounds that can 
bind to the receptor with improved selectivity, affinity, or regulatory 
effect. Such considerations also allow computerized searching of 
large chermcal libraries for diverse compounds that, because of their 
□vera!! three-dimensional structures, should act upon the receptor of 
interest. Similar structure-based approaches also can be used to im- 
prove pharmacokinetic properties of drugs (see Chapter 1) 

Recent advances using the structures of receptors and of drug- 
receptor complexes, determined at atomic resolution by X-ray crys- 
tallography or nuclear magnetic resonance (NMR) spectroscopy are 
even more helpful in the initial design of Hgands. In cases where the 
structure of the entire receptor is unknown, it is often possihle to 
determine the conformation of the hound drug, thereby providing a 
mirror image of the receptor's binding site. The ability to clone and 
express cDNAs that encode less abundant regulatory proteins and in- 
creasing success in the. crystallization of membrane-bound proteins 
offer great promise for drug design based on a detailed knowledge 
of the drug binding site and the effect of drug binding on receptor 
structure. * 

Ironically, advances in molecular biology that contribute to 
structure-motivated drug design also have spawned powerful but en- 
tirely random searches for new drugs. In this approach, huge libraries 
of randomly synthesized chemicals are generated either by synthetic 
chemistry or by genetically engineered microbes, A library then is 
screened for pharmacologically active agents using mammalian cells 
or microorganisms that have been engineered to express the recep- 
tor of therapeutic interest and the associated biochemical machinery 
necessary for detection of the receptor's response. Active compounds 
initially d 1S covered by such random screens then can be modified and 
improved using knowledge of their strucfre-function relationships. 

Cellular Sites of Drug Action. The sites at which a drug acts and 
the extent of its action are determined by the localization and func- 
tional capacity of the specific receptors with which the dru» inter- 
acts and the concentration of drug to which the receptor is exposed 
Selective localization of drug action within the organism is there- 
fore not necessarily dependent upon selective distribution of the dm- 
Tf a drug acts on a receptor that serves functions common to 
most cells, its effects wiil be widespread. IF the function is a vital 
one, the drug will be particularly difficult or dangerous lo use Nev- 
ertheless, such a drug may be clinically important. Digitalis glyco- 
sides, important in the treatment of heart failure, are potent inhibitors 
of an ion transport process that is vital to most cells. As such they 
can cause widespread toxicity, and their margin of safety is danger- 
ously low. Other examples could be cited, particularly in the area of 
cancer chemotherapy. 

If a drug interacts with receptors that are unique to only a few 
types of differentiated cells, its effects are more specific. Hypothet- 
ical^, the ideal drug would cause its therapeutic effect by such an 
action. Side effects would be minimized, but toxicity might not be 
If the differentiated function were a vital one, this type of drug also 
could be very dangerous. Some of the most lethal chemical agents 
known {e.g.. botulinus toxin) show such specificity and toxicity Note 



a!so that, even if the primary action of a drug is localized, the phys- 
iological effects of Ihe drug may be widespread. 



The term receptor has been used operationally to denote 
any cellular macromolecule to which a drug binds to initi- 
ate its effects. Among the most important drug receptors 
are cellular proteins whose normal function is to act as re- 
ceptors for endogenous regulatory ligands — particularly 
hormones, growth factors, neurotransmitters, and auta- 
coids. The function of such physiological receptors con- 
sists of binding the appropriate ligand and, in "response, 
propagating its regulatory signal in the target cell 

Identification of the two functions of a receptor, lig- 
and binding and message propagation, led to speculation 
on the existence of functional domains within the recep- 
tor: a ligand-binding domain and an effector domain. The 
evolution of different receptors for diverse ligands that act 
by similar biochemical mechanisms, on the cine hand, and 
of multiple receptors for a single ligand that act by un- 
related mechanisms, on the other, supports this concept. 
Indeed, elucidation of the structure of" a well-characterized 
receptor often allows the identification of these specialized 
domains within the primary amino acid sequence or the 
three-dimensional structure of the protein. 

The regulatory actions of a receptor may be exerted 
directly on its cellular target(s), effector protein(S), or may 
be conveyed to cellular targets by intermediary cellular 
molecules, transducers. The receptor, its cellular target, 
and any intermediary molecules are referred to as a re- 
ceptor-effector system or signal transduction pathway. 
Even the effector protein may not be the ultimate cellular 
component affected but may synthesize or release another 
signaling molecule, usually a small metabolite or ion, 
known as a second messenger. 

Receptors (and their associated effector and trans- 
ducer proteins) also act as integrators of extracellular in- 
formation as they coordinate signals from multiple ligands 
with each other and with the metabolic activities of the 
cell (see below). This integrative function is particularly evi- 
dent when one considers that the different receptors for 
scores of chemically unrelated ligands utilize relatively 
few biochemical mechanisms to exert their regulatory func- 
tions and that even these few pathways may share com- 
mon elements. 

At) important property of physiological receptors, 
which also makes them excellent targets for drugs, is that 
ftey actcatalytically and hence are.biochemical signal am- 
plifiers. The catalytic nature of receptors is obvious when 



the receptor itself is an enzyme, but all known physiolog- 
ical receptors are formally catalysts. For example, when a 
single ligand molecule binds to a receptor that is an ion 
channel and opens it, many ions flow through the channel. 
Similarly, a single steroid hormone molecule binds to its 
receptor and initiates the transcription of many copies of 
specific mRNAs, which in turn can give rise to multiple 
copies of a single protein. 

Physiological Receptors: Structural and Functional 
Families. The last decade has witnessed both an explo- 
sion in our appreciation of the number of physiological 
receptors and, in parallel, the development of our under- 
standing of the fundamental structural motifs and bio- 
chemical mechanisms that characterize them. Molecular 
cloning has identified both completely novel receptors (and 
their regulatory ligands) and numerous isoforms of previ- 
ously known receptors. There now exist data banks devoted 
exclusively to structures of a single class of receptors. 
Members "of various classes of receptors and many of the 
associated transducer and effector proteins have been 
purified, and their mechanisms of action are understood in 
considerable biochemical detail. Receptors, transducers, 
and effectors can be expressed via molecular genetic strat- 
egies and studied in cultured cells. Alternatively, they can 
be expressed in large amounts in cells of convenience (bac- 
teria, yeast, etc.) to facilitate their purification. 

Receptors for physiological regulatory molecules can 
be assigned to several functional families whose members 
share both common mechanisms of action and, with the 
exception of the protein kinases, strikingly homologous 
structures. This homology and the results of extensive bio- 
chemical and genetic studies have advanced the two- 
domain concept of receptor structure beyond conjecture. 
For each receptor family, there is now at least a rudimen- 
tary understanding of the structures of ligand-binding do- 
mains and effector domains and of how agonist binding in- 
fluences the regulatory activity of the receptor. The small 
number of mechanisms and structural formats has pro- 
found implications for both the integration of signals from 
receptors for diverse ligands and the regulation of recep- 
tors and receptor-effector systems by the target cell. It also 
facilitates a clear overview of signaling pathways that is 
generally applicable to diverse tissues, disease states, and 
therapeutic agents. Figure 2-1 provides a schematic dia- 
gram of various receptor families and their transducer and 
effector molecules. 

Receptors as Enzymes: Receptor Protein Kinases. Receptors for 
peptide hormones that regulate growth, differentia.cion, and develop- 
ment (and in some cases acute metabolic activity) are frequently 
plasma membrane-bound protein kinases that act by pbosphorylating 
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target proteins CFantl et al, 1993). These targets may be enzymes 
(including other kinases), regulatory proteins, or structural proteins, 
and phosphorylation may etcher alter their individual activities or m- 
fluence their interactions with other regulatory proteins or effectors. 
Many receptor protein kinases phosphoryiate specific tyrosine 
residues on their target proteins, but a few phosphoryiate senne or 
threonine residues. Receptors that are tyrosine protein kinases ; in- 
clude those receptors for insulin, epidermal growth factor, platelet, 
derived growth factor, and certain iymphokmes. Rectors that .are 
serine/threonine protein kinases include thetsoforma of tecep ors for 
transforming growth factor /3. These receptor kinases are assembled 
^ definable domaias that are distinguished in part by thetr loca- 
tion relative to the plasma membrane. The extracellular hormone- 
binding domain is connected to an intracellular protein kinase cat- 
alytic domain by a relatively short sequence of hydrophobic amino 
acid residues that cross the plasma membrane; some members ;c : *e 
receptor kinase families are monomers, and others are assembled 
from nonidentical subunits. Because of the homology among the pro- 
tein kinase domains in this family, active chimeric receptors have 
been constructed from different intracellular (catalytic) and extracel- 
lular (hormone binding) regions; these chimeras display specificities 
far hormones and substrates that reflect their parentage. A substan- 
tial literature suggests that oligomerization of tyrosine kmase recep- 
tors is a critical event in their activation and alteration of cellular 

Another family of receptors that are functionally protein kinases 
contains a modification of the structures described above. Some pro- 



tein kinase-associated receptors lack the tntracellular en^rnanc do 
mains but, in response to agonists, bind and/or activate ^ependen 
membrane-embedded or cytosoiic protein kinases. Receptors of ttus 
feS fcatScit tyrosine Phosphorylation include several receptors 
for neurotrophic peptides and the multisubunit antigen receptors on 
T and B lymphocytes. There is evidence that the antigen receptors 
Z?J£%J» l-tetn Phases in their 
activity and it is plausible that other receptors that apparently lack 
^pSrSeL^r domains may recruit still other effector protein. 
Receptor, wtik Other Enzymatic Activity. The domain structure 
just described for ceil surface protein kinases is vaned m other re- 
certors to utilize other signaling outputs, hi die receptor for atrial 
Xuric peptides and the peptide guanylin, the intracellular domam 
is not a protein kinase but is a guanytyl cyclase, which synthesiEes 
the second messenger, cyclic GMP (Chinkers and Garters, 1991). 
Receptors with guanylyl cyclase activity also serve as P her ™ c ^ 
ceptors in invertebrates. There may be other vacations on this trans- 

^^Toftrotein tyrosine phosphatases has extracellular 
domains with, sequence reminiscent of cellular adheston molecules 
(Walton and Dixon, 1993). Although the ^^^^f^ 
hese phosphatases are not yet known, the importance of ^WWJ 
matic activity has been demonstrated through genetic and biochemical 
experiments in multiple cell types.. 

lln Channels. Receptois for several neurotransmitters form ago- 
Sst-Sulated, ion-selective channels in the plasrna membrane 
TnmJTligznd.gated ion channels, which convey their signals by 
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altering the cell'.; membrane potential or ionic composition (Hall, 
1992). This group includes the nicotinic cholinergic receptor, the 
GABAa receptor for gamma-nminobutyric acid, and receptors for 
ghvtnmate, aspartate, and glycine (see Chapters 7, 9. and 12). They 
are all multi-subunit proteins with each subunit predicted to span the 
plasma membrane. The mode of association of the sub-units appears, 
to form Lhe channel Of therapeutic importance is that oliosteric mod- 
ifiers of channel gating can have profound pharmacological effects; 
for example, the benzodiazepines allasterically enhance Cl~ trans- 
port through the GABAa receptor (see Chapters 17 and 18). 
G Protein-Coupled Receptors. Many receptors in the plasma mem- 
brane regulate distinct effector proteins through (he mediation of a 
group of GTP-binding proteins known as G proteins (Ross, 1992). 
Receptors for biogenic amines, eicosanoids, and many peptide hor- 
mones utilize G protein-coupled receptors. Receptors in tills group 
act by facilitating the binding of GTP to specific G proteins. GTP 
binding activates the G protein, such that it in turn can regulate the 
activity of specific effectors. The effectors include enzymes such as 
adenylyl cyclase and phospholipases A>, C, and D; channels that are 
specific for Ca 2-i \ K + , or Na + ; and certain transport proteins. An in- 
dividual cell may express multiple G proLeins; each of these may re- 
spond to several different receptors and regulate several different ef- 
fectors with a characteristic pattern of selectivities. G pTOtein-linked 
receptors and the G proteins themselves both constitute families of 
homologous proteins. The receptors are hydrophobic proteins that 
span the plasma membrane in seven a-helica) segments. The binding 
site for small ligands can be a pocket within the bundle of mem- 
brane-spanning helices, but a substantia] extracellular domain is im- 
portant for the binding of negatively charged ligands, such as gluta- 
mate, or of peptide hormones. The receptors interact with G proteins 
at their cytoplasmic face, and it has been possible to define specific 
regions in G protein-coupled receptor structures that are responsible 
for regulation of and selectivity among the different G proteins. 

The G proteins are bound to the inner face of the plasma mem- 
brane. They are heterotrimeric molecules (subunits are designated ct, 
/3, and y), and their classification is based on the identity of their 
distinct a subtinits. These polypeptides have highly homologous gua- 
nine nucleotide binding domains and have distinct domains for in- 
teractions with receptors and effectors. When the system is inactive, 
GDP is bound to the ce subunit (Figure 2-2). An agonist-receptor 
complex facilitates GTP binding to the a subunit in part by promot- 
ing the dissociation of bound GDP. Binding of GTP activates the a 
subunit, and the q'-GTP subunit is then thought to dissociate from 
the |Gy subunits and interact with a membrane-bound effector. The 
0y submits also can interact with and influence effector activity in- 
dependent of or in parallel with a-GTP subunit effects (Clapham. and 
Neer, 1993). Termination of signal transmission results from hydroly- 
sis of GTP to GDP by a GTPase that is intrinsic to the a subunit and 
die resulting rcassociation of a and py subunits. Thus, G proteins 
serve as regulated molecular switches capable of eliciting bifurcat- 
ing signals through a and j3y subunit effects. The switch is turned 
on by the receptor and turns itself off within a few seconds, a time 
sufficient for considerable amplification of signal transmission. 

If a cell has several receptors thai regulate a common effector 
or that utilize a common transducer, many individual extracellular 
signals can be integrated to yield a cumulative intraceSlular signal. 
<-> protein-coupled receptor-effector systems provide impressive ex- 
amples of such integration, as well as the ability to direct a signal to 
divergent cellular effectors (see Figure 2-3 and related discussion 
kler in this chapter). Tt is not unusual for several receptors in an in- 
dividual cell to activate a single G protein; several agonists may stim- 




Figure 2-2. The regulatory cycles involved in G protein-mediated 

signal transduction. 

GTP-binding protein activation of effectors is regulated si- 
multaneously by a GTPase cycle and subunit associa- 
tion/dissociation cycle. The GTP-ligfraded a subunit acti- 
vates some processes exclusively, and release of (3y 
subunits upon activation of G„ allows for regulation by j3y 
subunits of shared or distinct effectors. 



u!ate adenylyl cyclase through a single G protein known as G s . One 
receptor also can regulate more than one G protein; aa individual 
thrombin receptor can cause the inhibition of adenylyl cyclase and 
the activation of phospholipasc C by interactions with at least two 
different G proteins. Similarly, one G protein can regulate several 
effectors. Thus, the receplor-G protein-effector systems are complex 
networks of convergent and divergent interactions that permit extra- 
ordinarily versatile regulation of cell function (Ross, 1992). 
Transcription Factors. Receptors for steroid hormones, thyroid 
hormone, vitamin D, and the retinoids are soluble DNA-binding pro- 
teins that regulate the transcription of specific genes (Evans, 1988; 
Mangelsdorf et al, 1994). They are part of a larger family of tran- 
scription factors whose members may be regulated by phosphoryla- 
tion, association with other protein factors, or by binding to metabo- 
lites or cellular regulatory ligands. These receptors act as dinners, 
some as homodimers and some as heterodimers, with homologous 
cellular proteins, but may be regulated by higher order oiigomeriza- 
tion with other regulating molecules. They provide striking examples 
of conservation of structure and mechanism, in part because they are 
assembled as three largely independent domains. The region nearest 
the carboxyl terminus binds hormone and serves a negative regula- 
tory role; that is, removal of this domain leaves a constitutively ac- 
tive fragment that may be nearly as effective in regulating transcrip- 
tion as is the intact hormonc-liganded receptor. Hormone binding 
presumably also relieves this inhibitory constraint. The central region 
of the receptor mediates binding to specific sites on nuclear DNA to 
activate or inhibit transcription of the nearby gene. These regulatory 
sites in DNA are likewise receptor-specific; the sequence of a "glu- 
cocorticoid-rcsponsive element," with only slight variation, is asso- 
ciated with each glucacorticoid-responsive gene. The function of the 
ami no-terminal region of the receptor is less well defined, but its loss 
decreases the receptor's regulatory activity. The DNA-binding re- 
ceptors form a homologous family, sharing quite similar amino acid 
sequences in their DNA-binding domains, less similarity in their 
hormone-binding domains, and negligible similarity at their amino 
termini. The activity of each domain is stereotyped and largely in- 
dependent, a phenomenon best demonstrated by the construction of 
chimeric receptors that reflect the hormone binding or DNA regula- 




SECTION 1 GENERAL PRINCIPLES 



tory activity characteristic oF the "parent" receptor contributing that 

Cytoplasmic Second Messengers. Physiological signals 
also are integrated within the cell as a result of interactions 
between second messenger pathways. There are relatively 
few recognized cytoplasmic second messengers. Thus, 
their synthesis or release reflects the activities of many 
pathways. Second messengers influence each other both 
directly, by altering the other's metabolism, and indirectly, 
by sharing intracellular targets. This superficially confusing 
pattern of regulatory pathways allows the cell to respond 
to agonists, singly or in combination, with an integrated 
array of cytoplasmic second messengers and responses {see 
Figure 2-3). 

Cyclic AMP, the first recognized second messenger, 
is synthesized by adenylyl cyclase in response to activa- 
tion of many receptors; stimulation is mediated by G s and 
inhibition by one or more closely related G proteins termed 
Oi's. There exist at least ten tissue-specific adenylyl cy- 
clase isozymes, each with its unique pattern of regulatory 
responses (Taussig et aL, 1994). Several adenylyl cyclase 
isozymes are inhibited by the G protein /3y subunits, which 
allows activation of G proteins other than G s to inhibit cy- 
clase activity. Other isozymes are stimulated by C(3y sub- 
units, but this stimulation is dependent upon concurrent 
stimulation by the a subunit of G s . Still other isozymes are 
stimulated by Ca 2+ or Ca 2+ -calmodulin complexes. Fi- 
nally, each of the isozymes has its own pattern of en- 
hancement or attenuation by phosphorylation or other reg- 



ulatory influences, providing a broad array of regulatory 
features to the target cells where these isoforms are ex- 
pressed. 

The hydrolysis of cyclic AMP is catalyzed by several 
phosphodiesterases (Strada and Hidaka, 1992), and the ex- 
trusion of cyclic AMP from the cell is accomplished by at 
least one regulated active transport system. In most cases, 
cyclic AMP functions by activating cyclic AMP-dependent 
protein kinases, which regulate numerous intracellular pro- 
teins by catalyzing their phosphorylation (see Edelman et 
aL, 1987). In at least one case, olfaction, cyclic AMP me- 
diates signaling by direct binding to and allosteric activa- 
tion of Iigand-ac'tivated Na + channels. 

The cytoplasmic concentration of Ca 2+ , another ubiq- 
uitous second messenger, is controlled both by regulation 
of several different Ca 2+ -specific channels in the plasma 
membrane arid by its release from intracellular storage 
sites. Ca 2+ channels can be opened by electrical depolar- 
ization, by phosphorylation by a cyclic AMP-dependent 
protein kinase, by G s , by K + , or by Ca 2+ itself. Opening 
can be inhibited by other G proteins (G s and G 0 ). One chan- 
aei may respond to several of these inputs. 

Release of Ca 2+ from intracellular stores is mediated 
by yet another second messenger, inositol 1,4,5-trisphos- 
phate (1P 3 ). IP3 is the product of the hydrolysis of the mem- 
brane lipid, phosphatidylinositol 4,5-bisphosphate (PIP 2 ); 
this reaction is catalyzed by a phospholipase C (PLC; see 
Figure 2-3). Three families of PLCs, each with several 
homologous members, respond to three distinct signaling 
pathways. The PLC-0's (there is no PLC-a) are stimulated 
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Figure 2-3. Interactions between 
the second messengers cyclic AMP 
and Ca 2+ . 

Generation of second messengers, 
cyclic AMP (cAMP) and Ca 2+ , per- 
mits distribution of cell-surface reg- 
ulatory input within the celt interior, 
amplification of the initial signal, 
and opportunities for synergistic or 
antagonistic regulation of other sig- 
naling pathways. PIP ? , phosphatidyl 
inositot-4,5, bisphosphate; DAG, 
ciiacylglycerol; 1P3, 1,4,5 inositol 
trisphosphate; CaM, calmodulin; 
R 2 , regulatory subunits of cyclic 
AMP-dependent protein kinase, 
which bind cyclic AMP; cAPK 2 , 
catalytic subunits of cyclic AMP- 
dependent protein kinase; PKC, pro- 
tein kinase C, activated by DAG and 
Ca 1+ . • 
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hy the G q family of G proteins and, for some members, by 
the G protein /3y subunits. The PLC-y's are activated by 
phosphorylation on tyrosine residues and are thus activated 
by cell surface receptor- activated tyrosine kinase cascades. 
It is not known what regulates the PLC-S's (Rhee and Choi, 
1992). 

Ca 2+ regulates cellular activity by interaction with 
several protein mediators; salient examples are protein 
kinase C and calmodulin (Berridge, 1993). Protein kinase 
C, like the cyclic AMP-dependent protein kinase, has many 
substrates, including several proteins that are involved in 
other signaling systems. The activation of protein kinase 
C by Ca 2 "*' is potentiated by diacylglycerol, the other second 
messenger product of the phospholipase C-catalyzed reac- 
tion that liberates IP 3 . The. scope of calmodulin's regula- 
tory activity also is broad. Thus, with reference only to the 
examples of cyclic AMP and Ca 2+ , one can appreciate the 
complexity of integration of cellular signaling systems as 
reflected in Figure 2-3, 



Regulation m Receptors 

It is important to recognize that receptors not only initiate 
regulation of physiological and biochemical function but 
also are themselves subject to many regulatory and homco- 
static controls. For example, continued stimulation of cells 
with agonists generally results in a state of desensiti- 
zation (also referred to as refractoriness or down regula- 
tion), such that the effect that follows continued or subse- 
quent exposure to the same concentration of drug is 
diminished (Figure 2-4). This phenomenon can become 
very important in therapeutic situations; an example is at- 
tenuated response to die repeated use of /3- adrenergic ag- 
onists as brotichodilators for the treatment of asthma (see 
Chapter 10). 

Multiple mechanisms account for desensitization of 
different types (see Perkins ei al, 1990). In some cases, 
only the signal from the stimulated receptor becomes 
attenuated, a process known as homologous desensitiza- 
tion, This may involve covalent modification (e.g., phos- 
phorylation) of the receptor, the destruction of the receptor, 
or its relocalization within the cell. Synthesis Df receptors 
also is subject to feedback regulation. In other situations, 
receptors for different hormones that act on a single sig- 
naling pathway may all become less effective when only 
one is continuously stimulated.. Such heterologous deseri- 
alization may result either from modification of each 
receptor by a common feedback mechanism or from 
effects exerted at some common point in the effector path- 
Way distal to the receptor itself. Mechanisms involved in 




Figure 2—4. Desensitization in response to an agonist. 

A. Upon exposure Lo an agonist, the initial response usu- 
ally peaks and then decreases to approach some tonic level, 
elevated but below the maximum. If the drug is removed 
for a brief period, the state of desensitization is maintained 
such that a second addition of agonist also provokes a di- 
minished response. Removal of the drug for a more ex- 
tended period allows the cell to "reset" its capacity to re- 
spond, and recovery of response usually is complete. (B 
and C) Desensitization may be homologous (£), affecting 
s elicited only by the stimulated receptor, or hsi- 
■s (C), acting on several receptors or on a pathway 
that is common to many receptors. 



homologous and heterologous desensitization of specific 
receptors and signaling pathways will be discussed in 
greater detail in later chapters related to individual recep- 
tor families. 

Predictably, hyperreactivity or supersensitivity to re- 
ceptor agonists also frequently is observed to follow reduc- 
tion in the chronic level of receptor stimulation. Situations 
of this type can result, for example, from the long-term ad- 
ministration of /3-adrenergtc antagonists such as propranolol 
(see Chapter 10). In at least some cases, supersensitivity 
may result from the synthesis of additional receptors. 

Diseases Resulting from Receptor Malfunction. In addition to 
variability among individuals in their responses to drugs (see Chap- 
ter 3), several definable diseases arise from disorders in receptors or 
receptor-effector systems. The loss of a receptor in a highly spe- 
cialized signaling system may cause a relatively limited phenotypic 
' disorder, such as the genetic deficiency of the androgen receptor in 
the testicular feminization syndrome (Griffin and Wilson, 1989). De- 
ficiencies of more widely used signaling systems have abroader spec- 
trum of effects, as arc seen in myasthenia gravis or some forms of 
insulin-resistant diabetes melljtus, which result from autoimmune de- 
pletion of nicotinic cholinergic receptors (see Chapter 9) or insulin, 
receptors (see Chapter 60) t respectively. A lesion in a component of 
a signaling pathway that is used by many receptors can cause a gen- 
eralized endocrmopathy. Heterozygous deficiency of G s , the G pro- 
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tein that activates adenylyl cyclase in ati cells, causes multiple en- 
docrine disorders; the disease is termed pseudohypoparathyroidism 
type la (Spiegel, 1989). Homozygous deficiency in G s would pre- 
sumably be lethal. 

The expression of aberrant or ectopic receptors, effectors, or 
coupling proteins potentially can lead to supersensitivity, subsensi- 
tivity, or other untoward responses. Among the most interesting and 
significant events is the appearance of aberrant receptors as products 
of oncogenes, which transform otherwise normal cells into malignant 
cells. Virtually any type of signaling system may have oncogenic po- 
tential. The erbA oncogene product is an altered form of a receptor 
for thyroid hormone, cortstitutively active because of the loss of its 
iigand-binding domain (Evans, 1988). The ros and erbB oncogene 
products are activated, uncontrolled forms of the receptors for insulin 
and epidermal growth factor, both known to enhance cellular prolif- 
eration (Yarden and Ullrich, 1988). The mas oncogene product 
(Young ex al., 1986) is a G protein-coupled receptor, probably the 
receptor for a peptide hormone. Constitutive activation of G protein- 
coupled receptors due to subtle mutations in receptor structure has 
been shown to give rise to retinitis pigmentosa, precocious puberty, 
and malignant hyperthyroidism (reviewed in Clapham, 1993). G pro- 
teins can themselves be oncogenic when either ovcrcxpressed or con- 
stitutively activated by mutation (Lyons et oL, 1990). 

Detection and Characterization of Receptors by Ligand-Binding 
Assays, Much of the success in the identification, purification, and 
characterization of receptors reflects their quantitative measurement 
according to the binding of highly specific radioactive ligands (Lim- 
bird, 1995). Binding assays permit the direct study of the drug-bind- 
ing properties of receptors and reduce the need to rely on inferences 
derived from the measurement of distal physiological responses. Such 
inferences are confounded if the observed response lies many steps 
removed from the receptor and may be compromised by changes at 
any site in the pathway leading from receptor to ultimate effector. 
Direct measurement of receptors and analysis of their Iigand-binding 
properties and mechanisms of action have led to our understanding 
of the mechanisms of receptor action, pathophysiology, and thera- 
peutic effects. For example, we now appreciate the molecular causes 
of many diseases of receptor malfunction {see above). 



Traditionally, drug receptors have been, identified and clas- 
sified primarily on the basis of the effect and relative po- 
tency of selective agonists and antagonists. For example, 
the effects of acetylcholine that are mimicked by the al- 
kaloid muscarine and that are selectively antagonized by 
atropine are termed muscarinic effects. Other effects of 
acetylcholine that are mimicked by nicotine and that are 
not readily antagonized by atropine but are selectively 
blocked by other agents (e.g., tubocurarine) are described 
as nicotinic effects. By extension, these two types of cholin- 
ergic effects are said to be mediated by muscarinic or nico- 
tinic receptors. Such classification of receptors results in 
an internally consistent scheme that supports the view that 
two types of receptor are involved. Although it frequently 



contributes little to delineation of the mechanism of drug 
action, such categorization provides a convenient basis for 
summarizing drug effects. A statement that a drug activates 
a specified type of receptor is a succinct summary of its 
spectrum of effects and of the agents that will antagonize 
it. Similarly, a statement that a drug blocks a certain type 
of receptor specifies the agents that it will antagonize and 
at what sites. However, it should be appreciated that the 
accuracy of this statement may be altered when additional 
receptor subtypes are identified or additional drug mecha- 
nisms or side effects are revealed. 

Significance of Receptor Subtypes. As the diversity and 
selectivity of drugs have increased, it has become clear that 
multiple subtypes of receptors exist within many previ- 
ously defined classes of receptors. Moreover, molecular 
cloning frequentiy has revealed the presence of several 
closely related subtypes of receptors where only a single 
species was thought to exist, and some receptor subtypes 
have been shown to be differentially expressed during de- 
velopment Knowledge of receptor subtypes is of interest 
to the researcher and of utility to the clinician who desires 
to manipulate them. 

In the case of the nicotinic cholinergic receptor, referred to 
above, there are distinct differences in the ligand-binding and func- 
tional properties between the receptors that are found in the ganglia 
of the autonomic nervous system and those at the somatic neuro- 
muscular junction. This difference is exploited for therapeutic bene- 
fit. Thus, antagonists that act preferentially at the nicotinic receptors 
in ganglia can be used to control blood pressure without paralyzing 
skeletal muscle. Tubocurarine and related agents constitute the con- 
verse example; their ability to antagonize the action of acetylcholine 
is relatively well confined to the receptor sites at the neuromuscular 
junction {see Chapter 9). These subtypes of the nicotinic receptor as 
well as subtypes of, for example, ^-adrenergic receptors {see Chap- 
ter 10) are conceptually analogous to tissue-specific isozymes of an 
enzyme. 

Although the mechanisms of action of some receptor subtypes 
may be very similar, differing only slightly in kinetics or regulatory 
activity, other receptor subtypes display fundamental differences in 
their biochemical and cellular regulatory activities. Examples include 
the ai- and ct2-adtenergic receptors and the Mi- and M 2 -muscarinic 
cholinergic receptors. Although all four receptor subtypes regulate G 
proteins, the (^-adrenergic and the M t - (and M 3 -) muscarinic re- 
ceptors initiate Ca^ signaling via G q , whereas the a 2 -adrenergic and 
the M 2 - (and M 4 -) muscarinic receptors regulate other signaling 
pathways via Gj and another GTP binding protein, G 0 {see Chapters 
7 and 10). Expression of such different receptor subtypes allows a 
single agonist to evoke unique responses in specific cells or tissues. 

When a tissue or cell expresses more than a single subtype of 
receptor or when only insufficiently selective drugs are available, 
identification of the specific signal that is generated by an individual 
receptor requires more direct approaches. These include the expres- 
sion of the cloned cDNA for the receptor in a well-characterized cell 
where its signaling activities can be studied in detail, the expression 
and purification of the recombinant receptor for direct biochemical 



CHAPTER 2 PHARMACODYNAMICS 



analysis of Us functions, or die use of antisense strategies to eval- 
uate which signal -transducing pathway is necessary for agonist 



such drugs have clinical utility in cancer and antiviral 
chemotherapy (see Chapters 50 and 51). 
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The discovery by molecular cloning of numerous re- 
ceptor subtypes raises the question of their importance, 
particularly when their signaling mechanisms and speci- 
ficity for endogenous ligands are indistinguishable. Perhaps 
the multiplicity of genes facilitates their independent, cell- 
specific and developmentally controlled expression, allow- 
in 0 receptor subtypes to be expressed independently ac- 
cording to the developmental needs of the organism. 
Regardless of their mechanistic implications (or lack 
thereof), schemes of receptor classification have facilitated 
the development of a number of therapeutic agents that 
have selectivity for specific types or subtypes of receptors. 
Such drug development has provided the clinician with 
compounds having higher ratios of therapeutic effects to 
toxic or unwanted effects. 

Actions of Drugs Not Mediated 
By Receptors 

If one restricts the definition of receptors to macromole- 
cules, then several drugs may be said not to act by virtue 
of combination with receptors. Certain drugs interact 
specifically with small molecules or ions that are normally 
or abnormally found in the body. One example is the ther- 
apeutic neutralization of gastric acid by a base (antacid). 
Another example is the use of mesna, a free radical scav- 
enger rapidly eliminated by the kidneys, to bind to reactive 
metabolites associated with some cancer chemotherapeutic 
agents and thus minimize their untoward effects on the uri- 
nary tract (see Chapter 51). Other agents act more by virtue 
of their colligative effects than by more classical chemical 
mechanisms. Such mechanisms are characterized by a lack 
of requirement for highly specific chemical structure. For 
example, certain relatively benign compounds, such as 
mannilol, can be administered in quantities sufficient to in- 
crease tlie osmolality of various body fluids and thereby 
cause appropriate changes in the distribution of water (see 
Chapter 29), Depending on the agent and route of admin- 
istration, this effect can be exploited to promote diuresis, 
catharsis, expansion of circulating volume in the vascular 
compartment, or reduction of cerebral edema. 

Certain drugs that are structural analogs of normal bi- 
ological chemicals may be incorporated into cellular com- 
ponents and thereby alter their function. This property has 
been termed a "counterfeit incorporation mechanism," and 
has been particularly useful with analogs nf pyrimidines 
and purines that can be incorporated into nucleic acids; 



QUANTITATION OF 
DRUG-RECEPTOR 
INTERACTIONS 
AND ELICITED RESPONSE 

As early as 1878. even before he coined the term receptive 
substance, Langley suggested that drug-cell combinations, 
and hence the actions and effects of drugs, were probably 
governed by the law of mass action. This view was devel- 
oped further by A. J. Clark in the 1920s (see monograph 
published in 1933), and it remains basic to understanding 
the mechanisms of drug action. 

Extending the analysis of drug-receptor interactions beyond the 
initial binding of drug to receptor raises important questions as to the 
relationship between the concentration of drug-receptor complex and 
the magnitude of the observed effect In the classical receptor theory 
developed by Clark, it was assumed that the effect of a drug is pro- 
portional to the fraction of receptors occupied by drug and that max- 
imal effect results when all receptors are occupied. White these as- 
sumptions may be true in limited cases, exceptions are common. 
Consequently, Aliens ( 1954) introduced the term intrinsic activity (or 
a, a "proportionality constant") to describe the relationship between 
the effect, B, elicited by a drug, D, and the concentration of drug- 
receptor complexes: E = a[DR], This relationship also addressed the 
anomalous observation that some drugs did not elicit a maximal re- 
sponse even at apparently maximal receptor occupancy. It was Stephen- 
son (1956), however, who advanced the concept of concentration-re- 
sponse relationships even further by offering an explanation for 
nonlinear relationships between occupancy and response and for the 
ability of a group of agonists to produce equal responses while oc- 
cupying different proportions of the receptor population. This expla- 
nation involves a property of an agonist that Stephenson called effi- 
cacy. Tn the terms of Stephenson, the response, R, of a tissue is some 
function of the stimulus, S, given to that tissue: R = /(£) and S = ey, 
where e = efficacy and y = fractional receptor occupancy. Differ- 
ences in drug effects in different tissues are thus a reflection of the 
contributions of properties of the drug, properties of its receptor, and 
properties of a tissue in terms of receptor density and the coupling 
of receptor occupancy to the ultimate response. Today, the terms in- 
trinsic activity and efficacy are commonly used interchangeably and 
are operationally synonymous. Although the mathematical description 
of dose-response relationships cannot reveal molecular mechanisms, 
the basic descriptive concepts are instructive and provide an appre- 
ciation of how the concentration of a drug at its target organ deter- 
mines the therapeutic response. 

If one assumes tiiat an agonist drug interacts re- 
versibly with its receptor, that the resultant effect is pro- 
portional to the number of receptors occupied, and that a 
maximum effect occurs when all receptors axe occupied, 
as in the original model of A. J. Clark, the following re- 







TTTTTITfTT 





















action scheme can be written: 

Drug CD) + receptor (i?) DR effect (2-1) 

The relationship between effect and the concentration 
of free drug can be described simply for this model as: 

maximal effect ■ [D] ~ 

Effect = (2 - 2) 

where [D] is the concentration of free drug and K 0 (equal 
to jt 2 /Jti) is the equilibrium dissociation constant for the 
drug-receptor complex. The fraction of receptors that is 
occupied by drug is equal to [DV(K D + [TJ]). This equation 
describes a simple rectangular hyperbola and is analogous 
to the Michaelis-Menten equation that is used to describe 
the interaction of enzyme and substrate where no product 
is farmed (Figure 2-5, A). The scheme defmes the drug's 
potency — that is, the dependency of effect on its concen- 
tration. It is frequently convenient to plot the-magnitude of 
effect versus log [£>], because a wide range of drug con- 
centrations is easily displayed and the potency of different 
drugs can be compared readily. In this case, the result is 
the familiar sigmoidal log dose-effect curve, probably the 
most intuitively helpful graphical display of drug action 
(Figure 2-5, B). This representation also allows compar- 
isons of the relative potencies and efficacies of agonists 
(Figure 2-5, C). When there is a linear relationship be- 
tween occupancy and response, as in the model of A. J. 



Clark, the concentration of the drug at which it is half- 
maximally effective, its EC50. is equal to its K D . However, 
as noted above, there often is amplification between occu- 
pancy and response, such that the EC 50 for response lies far 
to the left of the K D for receptor occupancy (Figure 2-5, D). 

As stated earlier, antagonists bind to the receptor or 
components of the effector mechanism to inhibit the action 
of an agonist, but, in the classical definition, initiate no ef- 
fect themselves. If the inhibition can be overcome by in- 
creasing the concentration of the agonist, ultimately achiev- 
ing the same maxima! effect, the antagonist is said to be 
competitive or surmountable. This type of inhibition com- 
monly is observed with antagonists that bind reversibly at 
the receptor site. In the terminology of Stephenson, classical 
competitive antagonists would have zero efficacy. Because 
the maximal effect can still be achieved if sufficient agonist 
is used, the log dose-effect curve for the agonist is shifted 
to the right by a competitive antagonist (Figure 2-6, A), 
The maximal effect is unaltered, but the agonist appears to 
be less potent. 

The parallel rightward shift in agonist concentration-response 
curves in the presence of increasing concentration of antagonist (Fig- 
ure 2-6, B) provides an opportunity to further characterize antago- 
nist properties in physiological preparations. Thus, calculation of the 
ratio of agonist concentrations (hat elicit equal responses in the ab- 
sence and presence of antagonist at increasing concentrations (termed 
the dose ratio) and plotting these values according to the relationship 
log{dase ratio - 1) versus log [antagonist] yields, at the y = 0 in- 
tercept, the Kt> value for antagonist at the receptor (Figure 2-6, Q. 
This data transformation, referred to as the Schild regression, pro- 
vides additional insight into the nature of the antagonist interaction 
with the receptor. Competitive antagonists interacting with a single 
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Figure 2-5. Agonist interactions with biological receptors. 

A In the simplest circumstance, agonist occupancy of the receptor obeys the law of mass action, and the 
relationship between agonist concentration (linear scale) and response is reflected by a rectangular hyper- 
bolic relationship. B. A plot of response versus log [agonist] reveals a sigmoidal relanonsh.p between oc- 
cupancy and response, such that, in the absence of negative or positive cooperative, 10% to 90% re- 
sponse occurs over approximately a 100-fold range of agonist concentration, "centered about the fcC 50 
for agonist. C Agonists vary in terms of potency and efficacy. The ECso value represents the ^ cent * a ; 
tion of agonist that elicits a half-maximal response. Drug L is more potent than drugs M and N; drugs L 
and N are more efficacious than drug M. a partial agonist. D. Because occupancy often is not directly re- 
lated to response and signal amplification occurs between receptor occupancy, effector activation, aad ulti- 
mate response, doas-response curves often fall to the left of receptor-occupancy profiles. 
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Figure 2-6. Properties of antagonist blockade of response. 

A. Log dose-response curves for an agonist in the absence (A) or presence of a competitive (7) or non- 
competitive (Z) antagonist. B. Agonist activation of a response in the presence of increasing concentra- 
tions of a competitive antagonist yields a series of parallel rightward shifted dose-response curves. The 
dose ratio is the ratio of the agonist concentrations (or doses) required to elicit equal responses in the 
presence and absence of antagonist. C. The Schild regression permits a direct estimate of the Kz> for a 
competitive antagonist for receptor occupancy and hence blockade of response. When the slope of a 
Schild regression 1= 1.0, either the drug is not a competitive antagonist or experimental limitations to in- 
terpretation prevail, and the value of x at y = 0 has no thermodynamic significance {see Kenakin ei al, 
1992). 
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A noncompetitive antagonist prevents the agonist, at 
any concentration, from producing a maximum effect on 
a given receptor. This could result from irreversible inter- 
action of the antagonist at any site to prevent binding of 
agonist or from reversible or irreversible interaction with 
a component of the system so as to decrease or eliminate, 
the effect of the binding of agonist. Intuitively, these re- 
sults may be conceptualized as removal of receptor or the 
system's capacity to respond. The maximal effect possible 
is reduced, but agonist can act normally at receptor-effec- 
tor units that arc not influenced by antagonist. Typically, 
log dose-effect curves reflect reduced apparent efficacy but 
unaltered potency in the presence of a noncompetitive an- 
tagonist (Figure 2-6, A). 

Antagonists may be classified as acting reverstbly or 
irreversibly. If the antagonist binds at the active site for the 
agonist, reversible antagonists will be competitive, and ir- 
reversible antagonists will be noncompetitive. If binding is 
e] sewhere, however, these simple rules do not hold, and 
any combination of functional outcomes is possible. 



If two drugs bind to the same receptor at the same site, why can 
one be an agonist and the other produce no effect — acting as an an- 
tagonist? This central question of pharmacodynamics is also central 
to our understanding of protein structure and protein— ligand interac- 
tions. Its answer derives from two active and complementary exper- 
imental approaches. On the one hand, structural biophysicists have 
determined and compared the. active and inactive structures of pro- 
teins whose activities are controlled by the binding of regulatory lig- 
ands. These studies have elucidated the molecular forces that allow 
one ligand but not another to alter a protein's conformation. Bio- 
chemical analysis of protein-ligand interactions, using both enzy- 
matic activity and spectroscopic measures of conformational change, 
have produced a rich understanding of the energetics and kinetics of 
allosteric regulation that is consistent with the structural data (Wyman 
and Gill, 1993; Weber, 1994). 

Consider that a receptor must, by definition, exist in at least two 
conformations: active (a) and inactive (i). 

Ri ■ — ' R„ 
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These conformations might correspond to the open and closed states 
of an ion channel, the active and inactive states of a protein tyrosine 
kinase, or the productive versus nonproductive conformations of a 
receptor for coupling to G proteins. The extent to which the equilib- 
rium is perturbed is determined by the relative affinity of the drug 
for the two conformations (Figure 2-7). If these states are in equi- 
librium and the inactive state predominates in the absence of drug, 
then the basal signal output will be low. In this case, the presence of 
a drug that has a higher affinity for the active conformation than for 
the inactive conformation will drive the equilibrium to the active state 
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Figure 2-7. A working model for receptor-mediated response. 

Effects of drugs on the relative concentrations of two hypo- 
thetical forms of a receptor, /J a (active) and (inactive) 
that are in equilibrium, K a R,. As discussed in the text, 
the relative distribution of the receptor between these two 
forms is differentially influenced by agonists (A), partial 
agonists IP), competitive antagonists (£"), and negative an- 
tagonists (N), also known as inverse agonists. 



and thereby activate the receptor. Such a drug will be an agonist. A 
full agonist is sufficienriy selective for the active conformation so 
that, at a saturating concentration, it will drive the receptor com- 
pletely to the active State {e.g.. agent /I in Figure 2-7). If a different 
but perhaps structurally analogous compound binds to the same site 
on R but with only slightly greater affinity for R 3 than for R» the 
magnitude of effect observed may be less, even at saturating con- 
centrations, such as agent P in Figure 2-7. A drug that displays such 
intermediate effectiveness is referred to as a partial agonist. Partial 
agonists are not hypothetical; they are common and were first de- 
scribed quantitatively in the formulations introduced by Ariens and 
Stephenson. 

A drug that binds with equal affinity to either conformation will 
not alter the activation equilibrium and will act as a competitive an- 
tagonist, shown as drug C in Figure 2-6. A partial agonist also can 
act as an antagonist. When it binds to the receptor (and produces a 
submaximal response), it also occupies the drug binding site com- 
petitively with respect to a fuIE agonist. A greater concentration of a 
full agonist will be required to produce a maximal effect because of 
this competition. A drug with preferential affinity for R, will actually 
produce an effect opposite to that of an agonist, and examples of so- 
called negative antagonists or inverse agonists do exist {see Chap- 
ters 11 and 17). These agents have properties that are analogous to 
those of drug N in Figure 2-7. However, if the preexisting equilib- 
rium lies far in the direction of R L , negative antagonism may be dif- 
ficult to observe and to distinguish from simple competitive antago- 
nism. Careful biochemical studies of receptor-drug interactions, 
coupled with the analysis of receptors in which the intrinsic RJRi 
equilibrium has been shifted by mutation, have supported this model 
of drug action. Although the complete mathematical description can 
be complex (Taylor and Insel, 1990), the model is manageable and 
readily applicable to experimental data through the use of appropri- 
ate computer-assisted analysis. There is, then, the potential ability to 
design agents that suppress agonist-independent activity of receptors 
that are hyperactive in the so-called basal state, as opposed to agents 
that block receptor activity caused by excess availability of agonist. 

As slated above, the terms intrinsic activity or efficacy are used 
to describe properties of drugs that bind to the same receptor site but 



do not produce equal maximum effects. Sirnplistically r the efficacy 
of a full agonist can be set equal to 1, that of an antagonist to 0, and 
that of a partial agonist to a value between 0 and 1. Fractional effect 
is then equal to the product of fractional occupancy of the receptor 
and the fractional efficacy. As first appreciated by Stephenson, these 
correction factors are dependent both on the molecular properties of 
receptors and on the concentrations and interactions of transducer 
and effector proteins. Thus, these factors are reliable only in a de- 
fined and controlled situation; they will change in. different tissues 
and when different responses are measured. Nonetheless, these pa- 
rameters are of use in evaluating and comparing the therapeutic util- 
ity of multiple drugs. Finally, it should be noted that the use of the 
word efficacy can, at times, be confusing. While a competitive an- 
tagonist has no efficacy in the sense that it does not serve as an ini- 
tiator of an action that leads to a sequence of effects, it may have 
great therapeutic effectiveness, or clinical efficacy, when used to block 
agonist effects in human beings. 

Even if the proximal molecular action of an agonist 
at a receptor is proportional to its efficacy and to the num- 
ber of receptor sites occupied, the effects of subsequent 
steps in the signaling pathway frequently complicate "the 
meaningful quantitative interpretation of the dose-dependent 
response. For example, while occupancy of a certain min- 
imal number of receptors by an agonist may cause a pro- 
portional response, a later step in the pathway may become 
limiting at some greater level of stimulation. Further re- 
ceptor occupancy then produces no additional effect. Thus, 
a plot of the drug's effect versus log concentration will lie to 
the left of a plot of fractional binding; drug potency will be 
greater than predicted by receptor affinity (Figure 2-5, D). 
This situation, in which a maximal apparent effect is 
achieved when a relatively small fraction of receptors is 
occupied, is explained by the concept of spare receptors. 
In at least some of these cases, a certain number of recep- 
tors can be lost {e.g., with an irreversible antagonist) with- 
out diminution of the maximal observable response. Note 
that the existence of spare receptors does not necessarily 
imply a molecular excess of receptors over effector or 
transducer proteins. Spare receptors frequently are encoun- 
tered whenever a receptor acts catalytically rather than sto- 
ichiometrically. In the case of the receptors that are tyro- 
sine protein kinases, a few agonist-occupied receptors may 
be sufficiently active to maintain the phosphorylation of a 
greater number of substrate protein molecules. Similarly, 
a single G protein-coupled receptor can maintain the acti- 
vation of hundreds of G protein molecules in some settings. 

Because cellular signal transducing pathways are de- 
signed to amplify and integrate a multiplicity of stimulatory 
and inhibitory signals, it should come as no surprise that 
the outcome of pharmacological intervention generally is 
a complex consequence of the proximal effect of a single 
drug at its receptor. Increasingly complex mathematical 
models can be derived to describe the phenomenologic be- 



Simp ]sstically, the sr of such systems, but analysis of the individual steps 
that of an antagonist it receptor-response, pathway at a molecular level pro 
veen 0 and 1. Fraction. fl more fruitful approach to identify new molecular 
,nal occupancy of the i d therapy 
predated by Stephenso" 1 



PROSPECTUS 



on the molecular prop 
and interactions of tra 
are reliable only ■ 

:hange in olfferen on tinLting identification and expansion of molecular 
tasured. Nonetheless, ^ ^ r£ceDtors in Darallcl with ^ accc ; 



dots are reliable only 
will change in different 

onethelesb, tl^ fof rE . ceptors in para n c i w ith the accelerating dis- 
comparing the Uierapa 
ulo be noted that the us 
Fusing. While a compei 

Snce'ofX?" BIBLIOGRAPHY 

meal efficacy, when used 

J. Drag discovery on Ihe assembly line. Science, 1994, 



covery of their detailed mechanisms of action offers new 
therapeutic opportunities, just as refined insights into ceil 
signaling pathways suggest new targets for specific disrup- 
tion or enhancement of cellular function beyond receptor 
occupancj'. These multiple potential drug targets coupled 
with the enormous potential for generating new molecules 
with combinatorial chemistry (Alper, 1994) or recombi- 
nant DNA strategies forecast a new era of diversity and 
specificity in therapeutic intervention. 



iecular action 



of. 



n 399-1401. 
,E.J. Affinity and ir 



c activity in the theory of competitive in- 



) its efficacy and to tl jn j p ro bj E m£ and theory. Arch. Jul. Pharmacodyru, 1954, 
d, the effects of sub^g. 

frequently compli:, M.J, Inositol triphosphate and calcium signalling. Nature, 

Station of the dose-d £ i6^3i5-325. 

iciauu M an(] Garbers p i_ Signal transduction by guanylyl cyclases, 

s occupancy ot a cen, ^ Biocf)em 19M( 60 . 553 _ 575 

an agonist may caus^ D E Mu{ations ; n q pr otein-linlcea3 receptors: novel insights 
p in the pathway rnay ease . Ce ll, 1993 , 75; 1 237-1 239. 

el of stimulation. Fill, D.E., and Neer, E.J. New roles J'oiG protein j3-y-dimers in trans- 

C rlditional effer a n c signalling. Nature, 1993, 355:403-406. 

,ce.S no aa gfAction 0 f Dmgs on C elh. E, Arnold and Co., 

sus log concentration r^ W33 

1 binding; drug potenc A M > B]ument])alj D . K-> and KrebSj E.G. Protein serine/ 
;eptor affinity (Hg 0TC ine kinases. Annu. Rev. Biochem., 1987, 5f3:567-613. 

maximal apparent UvJ. The steroid and thyroid hormone receptor superfamily. 
it fraction of re<?. "88, 240: 88 9-895. 
small 11 , Johnson, D. E., and Williams, L.T. Signalling by receptor ty- 

he concept ot spare ' kinases Annu Rey Biochem j m , 62 :453-48i. 
.ses, a certain number £ MePhaul, M.J., Russell, D.W., and Wilson, l.D. The an- 
m irreversible antagOIl resistance syndromes. In, The Metabolic and Molecular Bases 
.1 0 l ise rvable reSpaMerf Disease, 7th ed. (Scriver, C.R., Beaudet, A.L., Sly, W.L., 
- tors does not n( )e . D - e(J s-) McGraw-Hill, New York, 1995, pp. 2967-2998. 
: r^cep - j on cn annels. In, An Introduction to Molecular Neurobiology. 

. i of receptors over ^ gd ) Sinal!er AssociateSj ^ MA 1992i pp 81 _ 1J8< 
receptors frequently Bondi R A _ and Bomler> TI . Definition of rdiarmacolog- 

actS catalytically rathebptors. Pharmacol. Rev,, 1992, 44;3S 1-362. 

nf the receptors tba'- Structure-based strategies for drug design and discovery. Scj- 
SS t nccuniedrece* 92 . 2-57:1078-1082. 

/ agonl&T-OL. ]J j_E. Cell Surface Receptors: A Short Course on Theory and 

laintam the pliosplioryi 2d ed M ^ 

ate protein molecules. Landis> c A Hf)rsh _ Q Va]jat . u Gr(iriewald K _ Feichtinger, 
;d receptor can maintaii, a.Y., Clark, O.H., Kawasaki, E., Boume, H.R., and Mc- 
rotein molecules itl SOflfi R Two G protein oncogenes in human endocrine tumors. Sci- 
;nnl transducing P*^rf, D.J„ Umesono', K„ and Evans, R.M. The retinoid receptors, 
egrate. a multiplicity i» y tinoids . Biology, Chemistry, and Medicine, 2d ed. (Spom, MB., 
t should come as no SU.B,, and Goodman, D.S.,cds.) Raven Press, New York, 1994, 

;oiogical intervention g-349. 
of the proximal effect 
creasingly complex mi 
o describe the pnenornfl 



Perkins, J.P., Hausdorff, W.P., and Lefkowitz, R.I. Mechanisms of ligand- 
induced desensitization of /3-adrenergic receptors, In: 77te ^-Adrenergic 
Receplors. (J.P. Perkins, ed.) The Humana Press, Clifton, NJ, 1991, 
pp, 73-124. 

Rhee, S.G., and Choi, K.D. Multiple forms of phospholipase C isozymes 
and their activation mechanisms, In: Advances in Second Messenger 
and Phosphop.raiein Research. ( J.W. Putney, Jr., ed.) Raven Press, New 
York, 1992, vol. 26, pp, 35-61 . 

Ross, E M. G proteins and receptors in neuronal signaling. In: An Intro- 
duction to Molecular Neurobiology. (Z.W. Hall, ed.) Smaller Associ- 
ates, MA, 1992 T pp. 181^206, 

Schild, H.O. Drug antagonism and pAx. Pharmacol. Rev-, 19S7, 9:242-246. 

Schreibcr, S.L. Using the principles of organic chemistry' to explore cell 
biology. Chem. & Eng. News. 1992, 7«43):22-32. 

Spiegel, A.M., and Weinstein, L.S. Pseudohypoparathyroidism. In, The 
Metabolic and Molecular Bases of Inherited Disease. 7th ed. (Scriver, 
C.R., Beaudet, A.L., Sly, W.L., and Vatic, D., eds.) McGraw-Hill, New 
York, 1995, pp. 3073-3089. 

Stephenson, R.P. A modification of receptor theory. Br. J. Pharmacol, 
1956, /J;379-393. 

Strada, S.J., and Hidaka, H. Advances in second messenger and phos- 
phoprotein research. In, The Biology of Cyclic Nucleotide Phosphodi- 
esterases, Volume 25. Raven Press, New York, 1992. 

Taussig, R., and Gilman, A.G. Mammalian membrane-bound adenylyl 
cyclases. J. Biol. Chem., 1995, 270:1-4. 

Taylor, P., and Inset, P. A. Molecular basis of pharmacologic selectivity. 
In, Principles of Drug Action; The Basis of Pharmacology, 3rd ed. 
(Pratt, W.B., and Taylor, P., eds.) Churchill Livingstone, New York, 
1990, pp. 1-102. 

Walton, K.M., and Dixon, J.E. Protein tyrosine phosphatases. Annu. Rev. 

Biochem., 1993, 52:101-120. 
Weber, G. Protein Interactions. Chapman & Hall, New York, NY, iy92. 
Wyman, J., and Gill, S.L Binding and Linkage. Functional Chemistry of 

Biological Macnmolecules. University Science Books, Mill Valley, 

CA, 1990. 

Yarden, Y, and Ulrich, A. Growth factor receptor tyrosine kinases, Annu. 
Rev. Biochem., 1988, 57:443-478. 

Young, TX, Waitches, G., Birchmeier, C, Fasano, O,, and Wigler, M. Iso- 
lation and characterization of a new cellular oncogene encoding a pro- 
tein widi multiple potential transmembrane domains. Cell, 1986, 
45:711-719. 



US PATENT APPLICATION 
SERIAL NO. 10/721,892 



DECLARATION OF 
PROFESSOR THOMAS UNGER 



EXHIBIT F 



0a31-6997/O[VG2DS-O415$a3.D0/0 

Pharmacological Reviews 

U.S. Government work not protected by U.S. copyright . 
Pharmacol Keu 62:415-4-72, 2000 Printed in E7.S-A 



International Union of Pharmacology. XXIII. The 
Angiotensin II Receptors 

M. DB GASPARO, 1 K. J. CATT, T. 1NAGAMI, J. W. WRIGHT, AND TH. UNGER 
Novartis Pharma AG, Metabolic & Cardiovascular Diseases, Basel, Switzerland (M.d.G.); Endocrinology and Reproduction Research 
Branch, National Institute of Child Health and Human Development, National Institutes of Health, Betliesda, Maryland (K.J.C.); 
Department of Biochemistry, VanderbiU University, School of Medicine, Nashville, Tennessee (TJJj Department of Psychology, 
Washington State University, Pullman, Washington (J.W.W.); Institute of Pharmacology, Christian-Albrechts-University of Kiel 
Hospitalstrasse 4, Kiel, Germany (Tii.U.) 
This paper is available online at http^/www .pharmrev.org 



I, Introduction , 417 

A. Historical background • 417 

B. International Union of Pharmacology Committee on Receptor Nomenclature and Drug 
Classification criteria for classification 418 

C. Current nomenclature 419 

D. Structural analysis 419 

II. The type 1 (AT_) angiotensin receptor 420 

A. Angiotensin II receptors: early studies 420 

B. Cloned AT X receptors 421 

C. Genomic organization of rat AT^ and AT 1B receptor genes 421 

D. Expression and regulation of rat AT^ and AT 1B receptor 422 

E. The human AT X receptor 422 

1. AT a receptor gene polymorphisms and cardiovascular disease 423 

F. The amphibian AT X receptor 423 

G. The AT_ receptor null mouse 424 

H. Structural basis of ligand binding to the AT_ receptor 425 

1. Determinants of Aug II bioactivity 425 

2. Agonist binding of the AT X receptor 426 

3. Antagonist binding of the AT_ receptor * 427 

I. AT_ receptor signaling mechanisms - 430 

1. AT_ receptor activation and signal transduction 430 

2. AT L receptor and tyrosine phosphorylation - 432 

3. AT L receptor-activated growth responses 433 

4. Trans activation of growth factor signaling by the AT A receptor . 434 

5. Other AT X receptor-mediated signaling pathways 434 

J. Receptor activation and endocytosis 435 

K. ATj receptor function in selected tissues 436 

1. The AT_ receptor and the brain 436 

- ■ - 2. Ang II-induced neuronal signaling pathways.- .■ .-. . --. ■■. ~i -v- 4 -- r - ■«-=■■--« 437 

3. Role of Ang III in the brain 438 

4. The AT_ receptor and the pituitary gland 438 

5. The ATj receptor and the heart 439 

III. The type 2 (AT 2 ) angiotensin receptor , : . : 440 

A. Cloning, purification, and properties of the AT 2 receptor / 440 

B. Regulation of the AT 2 receptor 442 

C. AT_ receptor diversity 442 

D. Targeted AT 2 receptor gene over expression and deletion 443 

1. Behavioral changes in AT 2 receptor null mice , 444 

E. Signaling mechanisms of the AT_ receptor . . - < 444 

1 Address for correspondence: Marc de Gaspare, Novartis Pharma AG, Metabolic & Cardiovascular Diseases, WKL 121-210, P.O. t 
4200, Basel, Switzerland. E-mail: marc.de_gasparo@pliarrna.Novartis.com and m.de_gasparo@bluewirj.cli (after October 1, 2000) 



4X5 



.6 DB GASPARO ET AL. 

1. Dephosphorylation and inactivation of the mitogen-activated protein kinases ERK1 and 
EEK2 445 

2. Activation of phospholipase A 2 and prostacyclin generation 446 

F. Tissue distribution of the AT 2 receptor 446 

1. Brain 447 

2. Heart 448 

3. Kidney 449 

4. Vasculature 450 

5. Pancreas, lung, thymus, and other tissues 45 1 

6. Cells in primary culture and cell lines expressing the AT 2 receptor 451 

G. Pathophysiological aspects of AT 2 receptor activation - - 452 

1. The AT 2 receptor can induce apoptosis 4 ^2 

2. Effects on vascular tone 453 

3. Vascular hypertrophy and fibrosis and the AT 2 receptor 453 

4. Renal tubular function 453 

5. Neuronal cell differentiation and nerve regeneration 454 

H. Summary 454 

IV. The AT 4 receptor 455 

A. Signaling mechanisms 455 

B. Tissue distribution of the AT 4 receptor 456 

1. Brain 456 

2. Peripheral tissue 4 ^ 

C. Development of agonists and antagonists 456 

1. Binding requirements of the AT 4 receptor 456 

2. Antagonists of the AT 4 receptor • 4 ^7 

D. Physiology associated with the AT 4 receptor 458 

1. Regulation of blood flow 4 ^ 8 

2. Cardiac hypertrophy 458 

3. Renal tubular reabsorption . 4 ^ 9 

4. Electrophysiological analysis * 4 ^9 

5. Role of Ang IV in learning and memory 459 

E. Summary ; 460 

V. General conclusions 460 



References . 



. 460 



Abstract The cardiovascular and other actions of 

angiotensin II {Ang II) are mediated by AT t and AT 2 
receptors, which are seven transmembrane glycopro- 
teins with 30% sequence similarity. Most species ex- 
press a single autosomal ATj gene, but two related 
AT 1A and AT 1B receptor genes are expressed in ro- 
dents. AT 2 receptors are predominantly coupled to G , 
xi, and signal through phospholipases A, C, D, inositol 
phosphates, calcium channels, and a variety of serine/ 
threonine and tyrosine kinases. Many ATi-induced 
growth responses are mediated by transactivation of 
growth factor receptors. The receptor binding sites for 
agonist and nonpeptide antagonist ligands have been 
defined. The latter compounds are as effective as an- 
giotensin converting enzyme inhibitors in cardiovas- 
cular diseases but are better tolerated. The AT 2 recep- 
tor is expressed at high density during fetal 
development. It is much less abundant in adult tissues 



and is up-regulated in pathological conditions. Its sig- 
naling pathways include serine and tyrosine phospha- 
tases, phospholipase A2, nitric oxide, and cyclic 
guanosine monophosphate. The AT 2 receptor counter- 
acts several of the growth responses initiated by the 
AT 2 and growth factor receptors. The AT 4 receptor 
specifically binds Ang IV (Ang 3-8), and is located in 
brain and kidney. Its signaling mechanisms are un- 
known, but it influences local blood flow and is asso- 
ciated with cognitive processes and sensory and motor 
functions. Although AT t receptors mediate most of the 
known actions of Ang II, the AT 2 receptor contributes 
to the regulation of blood pressure and renal function. 
The development of specific nonpeptide receptor an- 
tagonists has led to major advances in the physiology, 
pharmacology, and therapy of the renin-angiotensin 
system. 
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L Introduction 

A. Historical Background 

Blood pressure was measured for the first time in 
1733 by Stephen Hales, in a dramatic experiment on a 
horse, by inserting a brass pipe into the carotid artery. 
The technique of modern blood pressure measurement 
was introduced in 1905 by Nicolai Korotkov using the 
stethoscope invented by Laennec in 1815 and the rela- 
tively recently devised wraparound inflatable rubber 
cuff. The latter was first described by Eiva-Rocci in 1896 
and was improved by von Recklinghausen in 1901 
(Freis, 1995). 

The first insight into the regulation of blood pressure 
came from the discovery of a pressor principle by Tiger- 
stedt and Bergman in 1897. They called this factor "re- 
nin" because it was extracted from the kidney. This 
pioneering work led to the description of reno-vascular 
hypertension in animals and in humans (Goldblatt et 
al., 1934). However, it was not until 1940 (Braun-Me- 
nendez et al., 1940) that a vasoconstrictor substance was 
isolated from renal venous blood from the ischemic kid- 
ney of a Goldblatt hypertensive dog. A similar finding 
was made simultaneously and independently by Page 
and Helmer (1940) after the injection of renin into an 
intact a nim al. This group also isolated a so-called 'Venin 
activator" that later proved to be angiotensinogen. The 
pressor substance was named "hypertensin" in Argen- 
tina and "angiotonin" in the United States and was later 
isolated and shown to be an octapeptide (Skeggs et al., 
1956; Bumpus et al., 1957; Elliott and Peart, 1957). 
There were differences between laboratories concerning 
interpretations and nomenclature but in fact hyperten- 
sin and angiotonin were the same substance. In 1958, 
Braun-Menendez and Page agreed on the hybrid term 
angiotensin for the highly potent pressor octapeptide. 
This proved to be an appropriate choice, given the later 
recognition of angiotensin's numerous actions in addi- 
tion to its hypertensive effects. The sequence of angio- 
tensin II is Asp-Arg-Val-Tyr-Ile-His-Pro-Phe in the hu- 
man, horse, and pig. In bovine angiotensin II, the 
isoleucine residue in position 5 is replaced by valine. 

Following this major discovery, the various compo- 
nents of the cascade leading to the formation of angio- 
tensin fl were characterized, including angiotensinogen, 
angiotensin converting enzyme (ACE), 2 and angio- 

2 Abbreviations: ACE, angiotensin converting enzyme; NC- 
IUPHAR, International Union Of Pharmacology Committee on Re- 
ceptor Nomenclature and Drug Classification; GPCR, G protein- 
coupled receptor; GTPyS, guanosine 5'-3-0-(tluo)triphosphate; PKC, 
protein kinase C; kb, kilobase(s); bp, base pair(s); RT-PCR, reverse 
transcriptase-polymerase chain reaction; IGF-1, insulin-like growth 
factor 1; NO, nitric oxide; NOS, NO synthase; VSMC, vascular 
smooth nmscle cell(s); MAPK, mitogen-activated protein kinase; 
EPO, erythropoietin; CHO, Chinese hamster ovary; TMD, trans- 
membrane domain; PKB, protein kinase B; EGP, epidermal growth 
factor; GAP, GTPase-activating protein; PDGF, platelet-derived 
growth factor; JNK, c-Jun N-terminal kinase; PAR., p21-activated 



tensins I, II, and in (Table 1). The synthesis of the 
peptide angiotensin II by Bumpus et al. (1957) and by 
Rittel et al. (1957) was followed by a continuing series of 
investigations into the structure-activity relationship of 
angiotensin analogs, mainly in the hope of finding a 
peptide antagonist. 

In 1987, a committee of the International Society for 
Hypertension, The American Heart Association, and the 
World Health Organization proposed abbreviating an- 
giotensin to Ang using the decapeptide angiotensin I as 
the reference for numbering the amino acids of all an- 
giotensin peptides (Dzau et al., 1987). 

Angiotensin II plays a key role in the regulation of 
cardiovascular homeostasis. Acting on both the "con- 
tent" and the "container", Ang II regulates blood volume 
and vascular resistance. The wide spectrum of Ang II 
target tissues includes the adrenals, kidney, brain, pi- 
tuitary gland, vascular smooth muscle, and the sympa- 
thetic nervous system. Angiotensin is not only a blood- 
borne hormone that is produced and acts in the 
circulation but is also formed in many tissues such as 
brain, lddney, heart, and blood vessels. This has led to 
the suggestion that Ang II may also function as a para- 
crine and autocrine hormone, which induces cell growth 
and proliferation and controls extracellular matrix for- 
mation (Dzau and Gibbons, 1987; Griffin et al., 1991; 
Weber et al., 1995a,b). Other angiotensin-derived me- 
tabolites such as angiotensin 2-8 (Ang III), angiotensin 
1-7, or angiotensin 3-8 (Ang IV) have all been shown to 
have biological activities (Table 1) (Peach, 1977; Schia- 
vone et al., 1990; Ferrario et al., 1991; Ferrario and Iyer, 
1998; Wright et al., 1995). 

As for other peptide hormones, Ang II was postulated 
to act on a receptor located on the plasma membrane of 
its target cells. This receptor should possess the dual 
functions of specific recognition of the ligand and stim- 
ulation of the characteristic cellular response. Compar- 
ison of changes in steroidogenesis in the adrenal cortex, 
adrenal catecholamine release, and developed tension in 
aortic strips in response to Ang I, Ang II, and Ang HI 
clearly indicated different affinities of these target or- 
gans for the three peptides (Peach, 1977; Devynck and 
Meyer, 1978). These pharmacological experiments 
showed that effector organs responded to Ang I, II, and - 

kinase; PLC, phospholipase; SFO, subfornical organ; OVLT, orga- 
num vasculosum lamina temiinales; ACTH, adrenocorticotrophi; 
APA, aminopeptidase A; APN, aminopeptidase N; GnRH, gonado- 
tropm-releasing hormone; DTT, dithiothreitol; CHAPS, 3-[(3-chol- 
amidopropyl)dimethylammonio]-l-propanesulfonic acid; MKP-1, 
MAPK-phosphatase-1; PTP, phosphotyrosine phosphatase; PGE 2 , 
prostaglandin B 2 ; IL, interleukin; IRS, insulin response sequence; 
IKF, interferon regulatory factor; NGF, nerve growth factor; NBC, 
Na + /KCO~ symporter system; NHE, Na^TH'-exchanger; PAI, plas- 
minogen activator inhibitor; Ang, angiotensin; L-NAME, A^-nitro-l,- 
ai-gmine; AP-1, activator protshi-1; ERK, extracellular signal-regu- 
lated kinase; TMD, transmembrane domain; JAK, Janus cytosolic 
protein kinase; STAT, signal transducers and activators of transcrip- 
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Angiotensinogen Asp-Arg-Val-Tyr-Ile-His-Pro-Elis-Hie-Leu- 
Leu-Val-Tyr-Ser 

j^ng I Asp-Jirg-Val-Tyr-rle-His-Pro-Ehe-t 

Ang II Asp-Arg-Val-Tyx-Ile-His-Pro-Fhe 

Ana-m Arg-Val-Tyr-Ile-Hia-Pro-Fhe 

WIV Val-Tyr-tle-His-Pro-Phe 

Angiotensin 1-7 Asp-Arg-Val-Tyr-Ile-Kis-Pro 



III with 2 to 3 log differences in potency from tissue to 
tissue. Based on these studies, Ang II receptor selectiv- 
ity for the agonists was proposed to be structure-activity 
related. Comparison of Ang II and a large number of 
synthetic agonists and antagonists formed by substitut- 
ing various amino acids of Ang II indicated marked 
dissimilarities between the analogs in each of the prep- 
arations, suggesting differences in the structure of the 
receptor sites (Khosla et aL, 1974; Papadimitriou and 
Woreel, 1974; Peach and Levens, 1980). 

Early binding studies detected sites with binding 
characteristics that differed between the various target 
tissues (Peach and Levens, 1980). Also, receptor density 
was up- or down-regulated in different tissues following 
either Ang II infusion or Na + restriction (Aguilera and 
Catt, 1978). The characterization of receptor types in rat 
liver and kidney cortex (Gunther, 1984; Douglas, 1987; 
Bouscarel et al., 1988b) suggested further Ang H recep- 
tor heterogeneity. An early classification proposed for 
Ang II receptor types was based on studies in only a few 
tissues or species (Levens et al., 1980; Peach and Lev- 
ens, 1980; Ferrario et al., 1991). It was not until the end 
of the 1980s that tools became available to demonstrate 
the existence of at least two receptor types in many 
tissues for which the conventional peptide analogs such 
as saralasin have high affinity but little or no selectivity. 
These included the nonpeptide antagonists losartan (or 
Ex89 or DuP 753) and PD123177, and a new generation 
of peptide ligands such as CGP42112 and o-aminophe- 
nylalanine Ang II (Chiu et al., 1989a; Whitebread et al., 
1989; Speth and Kim, 1990). This new development was 
made simultaneously and independently in three differ- 
ent laboratories, and the initial nomenclature was con- 
fusing: the receptor sensitive to losartan was called 1, B, 
or a, and that with no affinity for losartan was termed 2, 
A, or /3. The High Blood Pressure Research Council in 
1990 and the International Union of Pharmacology 
Committee on Receptor Nomenclature and Drug Classi- 
fication (NC-IUPHAR) in 1992 therefore appointed a 
subcommittee 3 to address the problem, and a classifica- 
tion was proposed in 1991 and updated in 1995 (Bumpus 
et al., 1991; de Gasparo et al., 1995). 

a Members of the NC-IUPHAR Subcommittee on Angiotensin Re- 
ceptors: R. Wayne Alexander, Kenneth E. Bernstein, Andrew T. 
Chin, Theodore Goodfriend, Joseph W. Harding, Ahsan Hussain, 
Pieter B. M. W. M. Timmermans. 



B. International Union of Pharmacology Committee on 
Receptor Nomenclature and Drug Classification 
Criteria for Classification 

To obtain a "fingerprint" capable of identifying dis- 
tinct receptors, three main criteria have been proposed: 
operational, transductional, and structural (Humphrey 
et al., 1994). The operational criteria include the drug- 
related characteristics of the receptor, such as ligand 
binding affinities, and selective agonists and antago- 
nists. The receptor-effector coupling events constitute 
the transductional criteria, and the receptor sequence 
and gene cloning represent the structural criteria. It is 
clear that all of these criteria are not necessarily 
achieved simultaneously and at an early stage. The cou- 
pling mechanism may not have a major influence on 
receptor pharmacology but it helps in differentiating 
receptor types. Also, receptors with diverse structures 
may respond to the same endogenous ligands. Finally, 
receptors may be cloned without having a known phar- 
macology. The combination of the three criteria should 
clearly help in denning true receptor types. 

Any such classification will essentially evolve as our 
knowledge increases. Nevertheless, there is a need for 
an official scheme that will help to avoid confusion 
among investigators. Two Ang II receptor types fulfill 
the three classification criteria, and are termed AT X and 
AT 2 receptors. According to the NC-IUPHAR recommen- 
dation, the AT Z and AT 2 receptors have an IUPHAR 
Receptor Code of 2.1.Ang.01.000.00.00 and 2.1 
Ang.02.000.00.00 (Humphrey and Barnard, 1998). The 
first two numbers indicated the structural class: they 
are seven transmembrane domain, G protein-coupled 
receptor (GPCR) member of the rhodopsin subclass (2.1). 
The receptor family is abbreviated Ang. The types indi- 
cated as 01 and 02 for AT ± and AT 2 . The following series 
of null are reserved for splice variants chronologically 
numbered according to identification within species. 

Two other receptors (AT 3 and AT 4 ) have been pro- 
posed, based on operational criteria, but their transduc- 
tion mechanisms are unknown and they have not yet 
been cloned. The name AT 3 was initially given to a 
binding site described in the Neuro-2a mouse neuroblas- 
toma cell line that was not blocked by either ATi-specific 
losartan, or AT 2 -specinc PD123319 and was not affected 
by GTP analogs (Chaki and Inagami, 1992). This AT 3 
binding site, which has a low affinity for Ang III, should 
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be called a non-AT^non-ATa site until more information 
about its nature has been obtained. The endogenous 
ligand for the AT 4 receptor is Ang 3-8 or Ang IV. Its 
binding properties and physiological characteristics, de- 
scribed in more detail in another section, are sufficiently 
different from those of the AT X and AT 2 receptor to 
warrant keeping the name AT 4 for this putative Ang 
IV-selective receptor until the binding protein is cloned 
and further characterized. 

C. Current Nomenclature 

The present angiotensin receptor identification is 
based on six principles. 1) The receptor is abbreviated to 
AT fallowed by a numerical subscript. 2) Further subdi- 
visions are indicated by subscript letters that are in 
upper case for pharmacologically defined receptor sub- 
types (e.g., AT IB ). 3) The species is identified by a low- 
ercase prefix preceding AT (e.g., r AT X , h AT 2 ). There is 
a space between the species and the receptor name. 4) 
Mutant receptors should be designated with specifica- 
tion of the position of the amino acid substitution in 
bracket (e.g., [L112P]AT 1A when leucine at position 112 
has been changed to proline. 5) The human gene is 
written in upper case and preferably but not essentially 
in italics (e.g., AGTR1 and AGTR2). In mouse and rats, 
it would be Agtrla, Agtrlb and Agtr2 in lowercase. 



D: Structural Analysis 

The strategy of expression cloning was successfully 
applied to the AT 1 receptors of rat smooth muscle and 
bovine adrenal gland, and subsequently the correspond- 
ing receptors of mouse, rabbit, human, pig, dog, turkey, 
and frog angiotensin receptors were cloned and se- 
quenced. The nonmammalian receptors have 60% iden- 
tity with the mammalian receptor and are pharmacolog- 
ically distinct in their ligand binding properties. 
Hydropathy analysis indicated that both AT 1 and AT 2 
receptors contain seven hydrophobic transmembrane 
segments forming a helices in the lipid bilayer of the cell 
membrane. The structural information for the ATj re- 
ceptor is coded as follows: h 359 aa, P30556, chr.3. This 
indicates that the human AT X receptor contains 359 
amino acids, with the sequence reported in the 
SwissProt file under the number 30556 and the gene 
coding for the receptor (abbreviated AGTR1) is located 
on chromosome 3 q. Similarly, the structural coding for 
rat and mouse AT a receptor is r 359 aa, P29089, P25095 
and m 359 aa, P29754, P29755 as there are two subtypes 
A and B in rat and mouse located on chromosomes 17 
and 2 and 13 and 3, respectively. The AT 2 receptor is 
only 34% identical with its AT X counterpart (Fig. 1). The 
structural information is coded h 363 aa, P50052, chr.X 





\ :~ Conserved residues 



Fig. 1. Secondary structure and consensus sequence of the mammalian angiotensin AT, receptor. The amino acid sequence shown is based on. the 
derived sequences of five individual cloned mammalian AT t receptors. The amino acid residues that are highly conserved among G protein- coupled 
receptors are indicated by bold letters. The positions of the three extracellular carbohydrate chains, and of die two extracellular disulfide bonds, ai® 
also indicated. 
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q22-q23 as the gene AGTE2 is located on human chro- 
mosome X with the cytogenetic location q23-q24. For rat 
and mouse, the respective information is r 363 aa, 
P35351 and m 363 aa, P35374. As in human, the AT 2 
receptor in rodents is also located on chromosome X. 

An evolutionary analysis based on the alignment of 
cloned AT 1 receptor sequences, using the CLUSTAL al- 
gorithm of PC/gene, has suggested that rat and mouse 
AT 2 receptors coevolved. (Sandberg, 1994). Amphibian 
and avian receptors diverged early during evolution. So 
far, gene duplication has been observed only in rats and 
mice (see following section). Two isoforms of the AT X 
receptor derived by alternative splicing of the same gene 
have been reported in man (Curnow et al., 1995). They 
have similar binding and functional properties. A recep- 
tor with as much as 97% identity to the AT X receptor has 
been cloned from human placenta (Konishi et al., 1994). 
It differs in its C-terrainal amino acid sequence, tissue 
distribution, and pharmacological properties. The gene 
has not been cloned and it may well be a splice variant 
of the AT t receptor. 

II. The Type 1 (AT X ) Angiotensin Receptor 

The angiotensin AT ± receptor mediates virtually all of 
the known physiological actions of angiotensin II (Ang 
II) in cardiovascular, renal, neuronal, endocrine, he- 
patic, and other target cells. These actions include the 
regulation of arterial blood pressure, electrolyte and wa- 
ter balance, thirst, hormone secretion, and renal func- 
tion. The AT X receptor belongs to the G protein-coupled 
receptor (GPCR) superfamily and is primarily coupled 
through pertussis toxin-insensitive G proteins to the 
activation of phospholipase C and calcium signaling. 
The AT X receptors of several species have been cloned 
and their amino acid sequences determined from the 
respective cDNAs. Ang II binding to the AT], receptor 
induces a conformational change in the receptor mole- 
cule that promotes its interaction with the G protein(s), 
which in turn mediate signal transduction via several 
plasma membrane effector systems. These include en- 
zymes, such as phospholipase C, phospholipase D, phos- 
pholipase A 2 , and adenylyl cyclase, and ion channels, 
such as L-type and T-type voltage-sensitive calcium 
channels. In addition to activating several intracellular 
signaling pathways that mediate agonist-induced phe- 
notypic responses in a wide variety of Ang II target cells, 
the agonist-occupied AT a receptor undergoes desensiti- 
zation and internalization in the same manner as many 
other GPCRs. 

The cellular responses to AT ± receptor signaling in- 
clude smooth muscle contraction, adrenal steroidogene- 
sis and aldosterone secretion, neuronal activation, neu- 
rosecretion, ion transport, and cell growth and 
proliferation. The AT 1 receptor is coupled not only to the 
well recognized G q -mediated calcium and protein kinase 
C sign alin g pathways, but also to intracellular signaling 



cascades that extend into the nucleus. These pathways 
regulate gene transcription and the expression of pro- 
teins that control growth responses and cell proliferation 
in several Ang II target tissues. Some of the latter con- 
sequences of AT X receptor activation are counteracted by 
the structurally dissimilar AT 2 receptor, which antago- 
nizes the effects of ATj-mediated growth responses in 
several cell types, in particular endothelial cells, cardi- 
omyocytes, and ovarian granulosa cells. These actions of 
the AT 2 receptor are described in more detail below. This 
account of the AT X receptor will address its gene expres- 
sion, ligand bmding, activation and signal transduction 
pathways, and physiological roles in the regulation of 
the activity and growth of its major target cells in car- 
diovascular, neuronal, and endocrine tissues. 

A. Angiotensin II Receptors: Early Studies 

The angiotensin receptor was identified as a func- 
tional entity by Lin and Goodfriend (1970), who first 
described the binding of radioiodinated Ang II to its 
receptor sites in the adrenal gland. These sites were 
subsequently shown to be located in the plasma mem- 
brane (Glossmann et al., 1974a), and the binding reac- 
tion was found to be influenced by the ambient Na + 
concentration and guanyl nucleotides (Glossmann et al., 
1974b,c). The G proteins had not been discovered at that 
time, but this finding indicated that the binding activity 
of a noncyclic AMP-coupled receptor is regulated by gua- 
nine nucleotides. Subsequent studies showed that the 
AT-l receptor is coupled to both G q and G f proteins in the 
adrenal glomerulosa zone and several other tissues in 
the rat. 

Many of the properties of the angiotensin II receptor 
were first identified in studies on the adrenal gland and 
liver, both of which are abundant sources of receptors 
that are coupled to well defined physiological responses 
(Saltman et al., 1975; Campanile et al., 1982). As in the 
rat adrenal gland, guanine nucleotides reduced agonist 
binding of 125 I-Ang II to hepatic receptors, largely by 
increasing its dissociation rate constant. Guanine nucle- 
otides also decreased the number of high-affinity bind- 
ing sites for Ang II, but not those for the peptide antag- 
onist, [Sar 1 1 Ala 8 ]Ang II. These changes were accompanied 
by inhibition of adenylyl cyclase activity in hepatic mem- 
branes, and of cyclic AMP production in intact hepatocytes 
(Crane et al., 1982). The high-affinity Ang II receptors in 
the fiver were found to be inactivated by dithiothreitol, 
with a concomitant loss of Ang II-mduced stimulation of 
glycogen phosphorylase in isolated hepatocytes (Gunther, 
1984). These and related studies also presaged the exis- 
tence of angiotensin II receptor types with distinct bio- 
chemical properties and intracellular mechanisms of ac- 
tion. Differential effects of guanine nucleotides on receptor 
binding of Ang II agonist and antagonist ligands were also 
observed in the bovine adrenal gland. This effect was evi- 
dent for both membrane-bound and solubilized receptors. 
Concerning the latter, the association of the agonist-occu- 
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pied receptor with a putative G protein was suggested by 
its larger size on steric exclusion HPLG (De Lean et al, 
1984). 

The ability of Aug II to inhibit gin cagnn -stimulated 
cyclic AMP production in hepatoeytes, and adenylyl cy- 
clase activity in hepatic membranes, was consistent 
with its coupling to an inhibitory G protein, now termed 
Gj. This was confirmed by the ability of pertussis toxin to 
prevent the inhibitory action of Aug II on adenylyl cy- 
clase. The ability of GTP-yS to further reduce receptor 
binding affinity when all Gj molecules were ADP-ribo- 
sylated by the toxin indicated that Aug II receptors are 
also coupled to other G protein(s) that could mediate 
actions of Ang II on additional signaling pathways (Po- 
biner et al,, 1985). Subsequent studies on cultured hepa- 
toeytes revealed a single population of Ang II binding 
sites and demonstrated that agonist and antagonist 
analogs had parallel actions on cytosolic calcium and 
phosphorylase activity, as did treatment with dithio- 
threitol to inactivate the receptors (Bouscarel et al., 
1988a). Reconstitution studies in hepatocyte mem- 
branes showed that G ia is the major form of Gj in these 
cells and is responsible for coupling the Ang II receptor 
to agonist-induced inhibition of adenylyl cyclase (Po- 
biner et al., 1991). One of the few physiological actions of 
Ang II that is mediated by G i; rather than G q/11 , is the 
ATj receptor-dependent stimulation of angiotensinogen 
production in the rat liver (Klett et al., 1993). 

B. Cloned AT 3 Receptors 

The relatively low abundance of the AT 2 receptor in 
most Ang II target tissues, and the instability of the 
solubilized receptor molecule, impeded efforts to isolate 
and sequence the receptor protein. For this reason, ex- 
pression cloning from bovine adrenal and rat smooth 
muscle cells was necessary to isolate the cDNAs encod- 
ing the receptor proteins of these species {Sasald et al., 
1991; Murphy et al., 1991). Both ATj receptors were 
found to be typical seven transmembrane domain pro- 
teins, composed of 359 amino acids and with a molecular 
mass of about 41 kDa. The extracellular regions, com- 
posed of the N terminus and the three extracellular 
loops, contain three iV-glycosylation sites and four cys- 
. teine residues (Fig. .1). Each of the consensus sites is- 
glycosylated in the native AT a receptor (Jayadev et al., 
1999), which has a molecular mass of about 65 kDa. In 
addition to the two conserved cysteines that form a 
disulfide bond between the first and second extracellular 
loops of all GPCRs, the AT t receptor contains an addi- 
tional pair of extracellular cysteine residues. These are 
located in the N-terminal region and the third extracel- 
lular loop, and form a second disulfide bond that main- 
tains the conformation of the AT 2 receptor protein 
(Ohyama et al., 1995). The latter disulfide bond, which is 
not present in the AT 2 receptor, renders the AT } recep- 
tor susceptible to inaetivation by dithiothreitol and 
other reducing agents. The cytoplasmic region of the 



receptor, which is composed of the three intracellular 
loops and the C-terminal cytoplasmic tail, contains con- 
sensus sites for phosphorylation by several serine/thre- 
onine kinases, including protein kinase C (PKC) and 
GPCR kinases. Several of the specific residues that are 
phosphorylated during AT a receptor activation have 
been identified, but there are no confirmed reports of 
agonist-induced tyrosine phosphorylation of the ATj re- 
ceptor or other GPCRs. 

Similar structural features are present in several 
other cloned mammalian and nonmammalian AT recep- 
tors. The rat and mouse AT X receptors exist as two 
distinct subtypes, termed AT^ and AT 1B , that are 95% 
identical in their amino acid sequences. The two sub- 
types are also similar in terms of their ligand binding 
and activation properties but differ in their tissue dis- 
tribution, chromosomal localization, genomic structure, 
and transcriptional regulation. None of the other cloned 
mammalian AT X receptors, including those from cow 
(Sasaki et al., 1991), human (Bergsma et al., 1992; 
Cumow et al., 1992), pig (Itazaki et al., 1993), rabbit 
(Burns et al., 1993), and dog (Burns et al., 1994) appear 
to have subtypes. The two AT X subtypes in the rodent 
genome may be the consequence of a gene duplication 
event that occurred during evolution after the branching 
of rodents from the mammalian phylogenetic tree (Aiyar 
et al., 1994b). 

C. Genomic Organization of Rat AT ^ and AT 1B 
Receptor Genes 

The rat AT^ receptor gene is 84 kh in length and 
contains three introns and four exons, the third of which 
(~2 kb) includes the entire 1077-base pair (bp) coding 
sequence of the receptor protein as well as 5' and 3' 
untranslated sequences {Langford et al., 1992; Mura- 
sawa et al., 1993; Takeuchi et al., 1993). The first two 
small exons encode alternatively spliced 5' untranslated 
sequences, and the fourth exon (1 kb) encodes an addi- 
tional 3' untranslated sequence. A 2.3-kb transcript is 
found in all AT 1A -expressing tissues and contains exons 
2 and 3. An additional 3.3-kb transcript containing ex- 
ons 2, 3, and 4 is present in vascular smooth muscle cells 

and several other tissues but is not found in the brain ; 

The transcription start site of the AT U receptor gene is 
located about 70 kb upstream from the exon that en- 
codes the receptor protein. The rat AT 1B receptor gene is 
about 15 kb in length and contains two introns and three 
exons, the first two of which encode 5' untranslated 
sequences. The third exon contains the entire coding 
region of the receptor and the 3' untranslated sequence. 
The AT 1B receptor has 92 and 95% homology with the 
AT-l^ at the nucleotide level and amino acid levels, re- 
spectively (Guo and Inagami, 1994) and is expressed in 
relatively few tissues as a 2.4-kb transcript. The rat 
AT 1A and AT 1B receptor genes are located on chromo- 
somes 17ql2 and 2q24, respectively (Tissir et al., 1995). 
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D. Expression and Regulation of Rat AT^ and AT 1B 
Receptor 

at ia a 11 ^ at ib receptors exhibit similar ligand bind- 
ing and signal transduction properties but differ in their 
tissue distribution and transcriptional regulation. In the 
rat, AT^ and AT^j receptor mRNAs are expressed in 
numerous tissues, including adrenal, kidney, heart, 
aorta, lung, liver, testis, pituitary gland, and brain. 
ATj^ transcripts are predominantly expressed in all tis- 
sues except the adrenal and pituitary glands, where the 
AT 1B message is the major subtype. AT^ receptors are 
abundantly expressed in vascular smooth muscle cells, 
in which their properties and regulation have been ex- 
tensively investigated. In the adult mouse, AT^ recep- 
tors are expressed in the Mdney, liver, adrenal gland, 
ovary, brain, testis, lung, heart, and adipose tissue. In 
contrast, AT^ receptors are confined to the adrenal 
gland, brain, and testis (Burson et al., 1994). 

Studies on the tissue-specific expression of AT X recep- 
tor by in situ hybridization revealed that liver, heart, 
and lung contain solely AT^ receptors, whereas the 
anterior pituitary gland contains only AT 1B receptors 
(Gasc et al., 1994). In the adrenal gland, the zona glo~ 
merulosa contains both AT ha and AT 1B transcripts, the 
zona fasciculata contains little of either subtype, and 
only ATha mENA is present in the medulla. In the kid- 
ney, ATja mENA is present in mesangial and juxtaglo- 
merular cells, proximal tubules, vasa recta, and inter- 
stitial cells, whereas AT^ mRNA is found only in 
mesangial and juxtaglomerular cells, and in the renal 
pelvis. In male rats, quantitative reverse transcriptase- 
polymerase chain reaction (RT-PCR) showed that the 
relative abundance of AT^ transcripts is 100% in liver, 
85% in lung, 73% in kidney, 48% in adrenals, and 15% in 
the pituitary gland (Llorens-Cortes et al., 1994). In con- 
trast to the adult animal, only ATia receptors are ex- 
pressed in the pituitary gland during fetal and postnatal 
life. 

The expression of the AT^ receptor is stimulated by 
glucocorticoids, which act via one of three putative glu- 
cocorticoid responsive elements located in its promoter 
region (Guo et al., 1995). In the rat heart, where the 
ATja receptor is expressed in 10-fold excess over the 
AT 1B receptor, treatment with dexamethasone in- 
creased ATja and AT 1B mRNA levels by 100 and 300%, 
respectively (Delia Bruna et al., 1995). Conversely, de- 
oxycorticosterone acetate suppressed AT^ mRNA levels 
by 70%, indicating that glucocorticoids and mineralocor- 
ticoids exert reciprocal actions on AT^ receptor levels in 
the heart. In the heart and aorta, transcripts for both 
AT X subtypes were reduced by treatment with an AT X 
receptor antagonist. However, the AT lB subtype was 
preferentially reduced, suggesting that the expression of 
AT 1B receptors in the adrenal is dependent on the activ- 
ity of the renin-angiotensin system (Kitami et al., 1992). 



Estrogens also influence the expression of AT X recep- 
tors, and exert divergent actions on subtype abundance 
in the pituitary gland and vascular smooth muscle. Es- 
trogen treatment suppresses the expression of AT^ but 
not AT 1A mRNA in the pituitary gland (Kakar et al., 
1992). On the other hand, AT^ receptor expression in 
vascular smooth muscle is elevated in ovariectomized 
rats and restored to normal by estrogen replacement 
(Nickenig et al., 1996). In cultured vascular smooth mus- 
cle cells, a high concentration of estradiol (1 jaM) re- 
duced AT 1A mRNA by about 30%. Whether estrogen 
deficiency leads to increased vascular AT X receptor ex- 
pression in the human has yet to be determined. 

Other forms of hormonal regulation of AT X receptor 
expression include the insulin-induced up-regulation of 
vascular AT X receptor expression, which has been attrib- 
uted to a post-translational mechanism (Nickenig et al., 
1998). In cultured vascular smooth muscle cells, insulin 
caused a doubling of AT X receptor density and a concom- 
itant increase in the Aug II-induced intracellular Ca 2+ 
response. This increase in receptor content, which was 
dependent on tyrosine phosphorylation and the intracel- 
lular Ca 2+ response, was due to an increase in receptor 
mRNA stability rather than increased gene transcrip- 
tion. In rat astrocytes, growth hormone but not insulin- 
like growth factor 1 (IGF-1) also increased AT^ receptor 
expression. This was associated with an increase in gene 
transcription and elevated mRNA levels. AT 1B recep- 
tors, which were much less abundant than the AT^ 
subtype, were not affected by growth hormone treat- 
ment (Wyse and Sernia, 1997). On the other hand, nitric 
oxide (NO) caused a marked decrease in AT^, gene 
expression in vascular smooth muscle cell (VSMC) that 
was independent of changes in cyclic GMP. This was 
accompanied by an inhibitory action of NO on the ex- 
pression of a reporter gene containing 616 bp of the AT 2 
receptor gene promoter, and reduced association with a 
DNA binding protein that interacts with this region 
(Ichiki et al., 1998). 
E. The Human AT 2 Receptor 

The human AT], receptor contains 359 amino acids, 
and its deduced amino acid sequence is 95% identical 
with those of the rat and bovine ATj. receptors (Curnow 
et al., 1992; Bergsma et al., 1992; Furuta et al., 1992). 
The receptor is derived from a single large gene that 
contains five exons ranging in size from 59 to 2014 bp 
(Guo et al., 1994). The open reading frame of the AT X 
receptor is located on exon 5. The other four exons par- 
ticipate to varying degrees in alternative splicing to 
produce mature RNAs that encode two receptor isoforms 
that are translated with different efficiencies {Curnow et 
al., 1995). The inclusion of exon 2 occurs in up to 50% of 
ATj mRNAs and inhibits the translation of the down- 
stream ATj receptor sequence. In about one-third of AT a 
transcripts, the splicing of exon 3 to exon 5 yields a 
receptor with a 32 amino acid N-terminal extension. The 
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Iigand binding and signaling properties of this receptor 
are similar to those of the predominant shorter isoform 
of the AT a receptor. 

The human AT X receptor gene is located on the q22 
band of chromosome 3 (MEM number 106165) (Curnow 
et al, 1992; Davies et al., 1994). An additional human 
AT X receptor gene was suggested by the report of a 
human cDNA clone that differed from the known se- 
quence in 10 of its 359 residues (Konishi et al., 1994), but 
subsequent studies have not confirmed the existence of a 
second gene (Curnow, 1996; Su et al., 1996). However, 
most human Ang II target tissues also express the 
slightly longer and functionally similar AT\ receptor 
that results from alternative splicing of exons 3/5 as 
noted above. The longer isoform appears to be better 
expressed at the plasma membrane in cell transfection 
studies, but there is no evidence to suggest that it has a 
significant physiological role in AT X receptor function 
(Curnow, 1995). 

Expression of the human AT X receptor is enhanced by 
epidermal growth factor in transfected COS-7 cells (Guo 
and Inagami, 1994b). Relatively little is known about 
the control of expression of the AT 1 receptor in most Ang 
II target tissues in the human. In the reproductive sys- 
tem, both Ang II and its AT X and AT 2 receptor types are 
present in the endometrium and exhibit cyclic changes 
during the menstrual cycle with a maximum in the early 
secretory phase (Ahmed et al., 1995). AT X receptors are 
expressed in the glands and the endometrial blood ves- 
sels and may participate in uterine vascular regulation 
and regeneration of the endometrium after menstrua- 
tion. The human placenta expresses the AT L receptor 
and all other components of the renin-angiotensin sys- 
tem. The receptors are present throughout gestation in 
the syncytiotrophoblast and cytotrophoblast, and in the 
fetal vascular endothelial cells (Cooper et al., 1999). AT X 
receptor mRNA transcripts (2.4 kb) and receptor protein 
(83 kDa) increase progressively during pregnancy and 
reach their maximal level in the term placenta (Petit et 
al„ 1996). 

A local renin-angiotensin system is also present in 
human adipose tissue, with expression of angiotensino- 
gen, ACE, and AT 3 receptor genes in omental and s.c. fat 
and cultured adipocytes {Engeli et aL, 1999). The extent 
to which these components are related to the develop- 
ment of hypertension and obesity-related disorders has 
yet to be established. In the human kidney, AT X recep- 
tors are expressed in the renal vasculature, glomeruli, 
and the vasa recta bundles in the inner stripe of the 
outer medulla (Goldfarb et al., 1994). AT X receptors are 
diminished in the glomeruli of patients with chronic 
renal disease (Wagner et al., 1999). The AT X receptors 
expressed in cultured human mesangial cells mediate 
Aug II-induced hypertrophy and proliferative responses, 
implying that Ang II may be involved in the pathogen- 
esis of glomerulosclerosis (Orth et al., 1995). 



Similar effects of Ang II are mediated by ATj recep- 
tors in human pulmonary artery smooth muscle cells, in 
which Ang II stimulates DNA and protein synthesis. 
This response was associated with activation of mitogen- 
activated protein kinase (MAPK) and was prevented by 
losartan and by the MAPK inhibitor, PD-9S059. These 
findings suggest that Ang II-induced activation of the 
AT 1 receptor initiates signaling pathways that partici- 
pate in growth and remodeling of the human vascular 
system (Morrell et al., 1999). 

In erythroid progenitor cells, which express both AT 3 
and erythropoietin (EPO) receptors, Ang II enhances 
EPO-stimulated erythroid proliferation in vitro (Mrug et 
al., 1997). In vivo, the ^-adrenergic receptor-induced 
production of EPO in normal subjects was inhibited by 
losartan treatment, implying that Ang II is a physiolog- 
ical regulator of EPO production in the hnma-p 
(Freudenthaler et al., 1999). 

1. ATj Receptor Gene Polymorphisms and Cardiovas- 
cular Disease. The discovery of several polymorphisms 
in the human ATj receptor gene, one of which (A1166C) 
was more frequent in hypertensive subjects (Bon- 
nardeaux et al., 1994), initiated a series of studies on the 
role of such mutations in the genesis of hypertension 
and other cardiovascular disorders. Subsequently, this 
polymorphism was reported to act synergistically with 
the angiotensin converting enzyme DD genotype on the 
risk of myocardial infarction (Tiret et al., 1994). How- 
ever, the results of subsequent reports on this topic have 
not been consistent. In some studies, the A1166C poly- 
morphism had no effect on ambulatory blood pressure, 
left ventricular mass, or carotid arterial wall thickness 
(Castellano et al., 1996; Schmidt et al., 1997). In other 
reports, the same AT X receptor gene polymorphism was 
associated with increased coronary arterial vasocon- 
striction in response to methylergonovine maleate 
(Amant et al., 1997), essential hypertension (Szombathy 
et al., 1998; Kainulamen et al., 1999), and increased left 
ventricular mass but not hypertension (Takami et al., 
1998). An analysis of the role of this polymorphism in 
rats overexpressing the mutant human AT X receptor in 
the myocardium suggested that it is associated with 
increased responsiveness to Ang II. This may lead to 
cardiac hypertrophy under high-renin conditions or dur- 
ing pressure and volume overload (Van Geel et al 
1998). 

F. The Amphibian AT 2 Receptor 

In the Xenopus laevis oocyte, endogenous Ang II re- 
ceptors were detected in the ovarian follicular cells that 
surround the oocyte. These receptors mediate Aug II- 
induced elevations of cytoplasmic Ca 2+ in the oocyte via 
gap junctions between follicular cells aiid oocyte (Sand- 
berg et al., 1990, 1992b) and are thus functionally iden- 
tifiable as ATj receptors. However, the amphibian (xAT) 
receptor for Ang II did not recognize the nonpeptide 
antagonist, DuP753, that inhibits the binding and ac- 
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tions of Ang II at the mammalian AT X receptor (Sand- 
berg et ai., 1991). The xAT receptor cDNA was cloned 
from a Xenopus myocardial cDNA library to investigate 
the structural basis of this functional distinction in li- 
gand binding. The xAT receptor is a 41-kDa protein 
containing 362 amino acids that has 60% amino acid 
identity and 65% nucleotide homology with the coding 
regions of known mammalian AT a receptors (Ji et aL, 
1993; Aiyar et al. 3 1994a). When expressed in Xenopus 
oocytes, xAT receptors mediate Ang II-induced Ca 2+ 
mobilization and are pharmacologically distinct from 
mammalian AT L receptors. Receptor transcripts are 
present in Xenopus lung, liver, kidney, spleen, and 
heart, but not in adrenal, intestine, and smooth muscle. 
Mutational analyses of xAT and rat A^ receptors have 
largely elucidated the structural basis of their individual 
ligand binding properties, as described below. 

G. The AT X Receptor Null Mouse 

Gene targeting experiments have provided several im- 
portant insights into the physiological role of the renin- 
angiotensin system in cardiovascular regulation, fluid 
and electrolyte balance, and development. Deletion of 
the genes encoding angiotensinogen (Tanimoto et aL, 
1994; Kim et al., 1995) and ACE (Kxege et aL, 1995; 
Esther et al., 1996} revealed that the lack of Ang II in 
Agt-7— or Ace—!— mice was associated with hypoten- 
sion, reduced survival, and marked abnormalities in 
renal development. Most of the Agt null animals died 
before weaning and most of the ACE null mice died 
within 12 months. The Agt and ACE null animals that 
survived until adult life had severe renal lesions. In both 
cases, the kidneys showed focal areas of cortical inflam- 
mation, thickened arterial walls, and medullary hypo- 
plasia with a consequent deficit in urinary concentra- 
tion. An additional feature of interest in the Ace— I— 
animals was impaired fertility in the male animals, al- 
though histologically the sperm appeared to be normal 
and had normal motility (Krege et al., 1995; Esther et 
al., 1997). This was dependent on the loss of a testis- 
apecific ACE isozyme that is expressed in round and 
elongating spermatids and was associated with defects 
in sperm transport in the oviduct and binding to the 
zona pellucida of the oocyte (Hagaman et al., 1998). In 
mice lacking both ACE isozymes, male fertility was se- 
lectively restored by sperm-specific expression of the 
testicular isoenzyme (Ramaraj et al,, 1998). 

The effects of disruption of the mouse gene encoding 
the AT X receptor types were in part predictable from the 
results of deleting the genes encoding angiotensinogen 
and ACE. Mice lacking a functional AT^ receptor had a 
significant reduction of resting blood pressure (ca. 20 
mm Hg) and lacked the pressor/depressor responses to 
infused Ang II that occur in normal animals. However, 
the Agtrla(-/-) animals showed no marked impair- 
ment of development and survival and had no major 
abnormalities in the heart, vascular system, and kidney 
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(Ito et al., 1995; Sugaya et al., 1995a,b; Chen et al., 
1997). Closer examination of the Agtrla(-/-) an im als 
revealed a slight decrease in survival, marked hypertro- 
phy of the renal juxtaglomerular cells, and a moderate 
degree of mesangial expansion (Oliviero et al., 1997). 
Also, the tubuloglomerular feedback loop that regulates 
sodium delivery to the distal tubule was not detectable 
in ATja knockout mice, indicating a specific role of AT X 
receptor in the operation of this homeostatic mechanism 
(Schnermann et al., 1997). The absence of the severe 
renal lesions observed in animals lacking angiotensino- 
gen or ACE at first suggested that the AT m receptor is 
not a critical determinant of normal renal development 
and structure. However, the more severe effects of an- 
giotensinogen and ACE deficiency, and the prominent 
inhibitory action of losartan. treatment on renal struc- 
ture and function in neonatal mice, indicated that Ang II 
action through the A^ receptor is essential for normal 
renal growth and development (Tufro-MeReddie et al., 
1995). 

Subsequent studies revealed that Ang II infusions in 
AgtrlaC-/-) mice treated with enalapril to reduce en- 
dogenous Ang n production cause dose-related eleva- 
tions in blood pressure that were prevented by ATj 
receptor antagonists. These pressor responses were 
much smaller than those observed in wild-type mice, but 
nevertheless demonstrated that AT 1B receptors partici- 
pate in blood pressure regulation in the absence of the 
ATxa receptor (Oliverio et al., 1997). This was confirmed 
by the finding that Ang II-induced calcium mobilization 
was similar in vascular smooth muscle cells from AT^- 
deficient and wild-type mice, and was blocked by losar- 
tan (Zhu et al., 1998b). Thus, the AT 1B receptor contrib- 
utes substantially to Ang II action in the cardiovascular 
system in the absence of the AT^ receptor, and presum- 
ably is subsidiary to the major AT m subtype in normal 
animals. This is supported by data obtained in mice with 
a double knockout of the AT^ and AT^ receptors, 
which have a more severe phenotype and lower blood 
pressure than mice lacking only the AT 1A receptor 
(Oliviero et al., 1998a; Tsuchida et al., 1998). 

These conclusions were confirmed by the finding that 
mice lacking both AT 1A and AT 1B receptors showed im- 
paired growth and marked abnormalities in renal struc- 
ture and function. The renal abnormalities in the double 
knockout animals were similar to those seen in Agtr-/- 
and Ace-/- mice and were accompanied by comparable 
decreases in blood pressure and the complete absence of 
pressor responses to Ang H. In these animals, inhibition 
of converting enzyme by enalapril caused a paradoxical 
increase in blood pressure that could result from impair- 
ment of AT 2 receptor signaling and possibly an inhibi- 
tory effect on renal sodium excretion (Oliviero et al., 
1998). These observations demonstrated that although 
the AT 1B receptor has a relatively minor role in normal 
animals, its contributions to growth, renal development, 
and cardiovascular regulation can compensate for much 
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of the loss of the major regulatory actions of the AT-^ 
receptors in Agtrla— /— animals. 

Studies on the role of the AT X receptors in sodium 
homeostasis revealed that Agtrla—/— mice have a fur- 
ther fall in blood pressure during sodium restriction 
and, unlike wild-type mice, develop negative sodium 
balance. However, these animals showed normal in- 
creases in plasma aldosterone levels during sodium de- 
pletion, consistent with the abundance of AT 1B receptors 
in the adrenal zona glomerulosa. These findings suggest 
that the hypotension observed in Agrtla— /— mice re- 
sults from sodium deficiency and blood volume depletion 
and are consistent with the major role of AT 1A receptors 
in renal sodium resorption. The mechanisms by which 
Ang II regulates water homeostasis through its actions 
in the kidney and the brain were also clarified by obser- 
vations in AT la receptor-deficient mice (Oliviero et al., 
1998a,b). Agtrla—/— mice have a significant defect in 
urinary sodium concentration and develop marked se- 
rum hypotonicity during water deprivation. This does 
not result from impairment of vasopressin action on 
water permeability in the distal tubule but from the 
inability to maintain a maximal sodium gradient in the 
kidney. This change is not increased by losartan treat- 
ment and appears to be solely dependent on ATj^ recep- 
tor function. In contrast, the central action of Ang II on 
drinking responses appears to be mediated by AT 1B re- 
ceptors, since it is largely retained in Agtrla-/- mice 
but is almost abolished in the mice lacking AT 1B recep- 
tor (Davisson et al., 1998). 

In contrast to the hypertension and impaired vascular 
responses observed in ATj-dencient mice, knockout of 
the AT 2 reeeptor leads to elevation of blood pressure and 
increased vascular sensitivity to Ang II (Hern et al., 
1995a; Ichiki et aL, 1995b). This has suggested that the 
AT 2 receptor may exert a protective action in blood pres- 
sure regulation by counteracting AT 1 receptor function. 
Such an action could be exerted in part by reduced 
expression of the ATj_ receptor, which is increased in the 
vascular smooth muscle of AT 2 -deficient mice (Tanaka 
et al,, 1999). However, the sustained hypersensitivity to 
Ang II in such animals is also attributable to loss of the 
counter-regulatory action of renal bradykinin and cyclic 
GMP formation (an index of NO production) (Siragy et- 
al., 1999). The relative contributions of these two factors 
to AT 2 -dependent vascular regulation, and the extent to 
which AT 2 receptor deficiency could contribute to sus- 
tained blood pressure elevation, as in human hyperten- 
sion, have yet to be determined (see Section III, D). 

H. Sfructural Basis ofLigand Binding to the AT Z 
Receptor 

The cloning of Ang II receptors from several species 
was followed by extensive studies on the structural fea- 
tures that are responsible for many of the specific func- 
tional properties of the AT 1 receptor. Mutational analy- 
ses of AT 1 receptors have identified many of the amino 



acid sequences and residues that are involved in the 
processes of ligand binding, agonist activation, G protein 
coupling, and internalization of agonist-receptor com- 
plexes. 

2 . Determinants of Ang II B ioactivity. The maj or fea- 
tures of the Ang II octapeptide (Asp 1 -Arg-Val-Tyr-Ile/ 
Val-His-Pro-Phe s ) that determine its biological activity 
were identified in early studies on the in vivo and in 
vitro actions of structurally modified Ang II peptides 
(Khosla et al., 1974). All of the biological responses that 
were analyzed in these early reports were mediated by 
what is now defined as the AT X reeeptor. These findings 
were extended by the development of radioligand-recep- 
tor binding assays that used radioiodinated Ang II or its 
peptide analogs for in vitro analysis of the hormone- 
receptor interaction. More recent studies on the proper- 
ties of cloned and mutant AT a receptors have led to the 
development of ligand-receptor models that incorporate 
the major features currently believed to be important in 
agonist binding to the AT X receptor. They have also 
provided further insights into the nature of the peptide 
binding site and the structural features that determine 
receptor activation, G protein coupling, and agonist- 
induced desensitization and internalization of the recep- 
tor. 

The biological activity of Ang II is highly dependent on 
the aromaticity of its Phe 8 C-terminal residue. The aro- 
matic side groups of Tyr 4, and His 6 , the guanidine group 
of Arg 2 , and the charged carboxyl terminus, are also 
essential for receptor activation (Khosla et al., 1974). In 
contrast, the N-terminal residues are important for re- 
ceptor binding and the duration of action of Ang II 
agonists but are not specifically required for biological 
activity. The Ang II (2-8) heptapeptide (Ang III) formed 
by deletion of the Asp 1 residue is almost as potent as the 
native octapeptide. The Ang II (3-8) hexapeptide (Ang 
IV) and the Ang II (4-8) pentapeptide also retain full 
biological efficacy but are weak agonists due to their 
low-binding affinity for the AT 2 receptor. The des-Phe 8 
Ang II (1—7) heptapeptide also binds to the receptor with 
low affinity, but has no agonist activity (Capponi and 
Catt, 1979) in most Ang II taz-get cells, and is accord- 
ingly a weak Ang II antagonist in vitro (Mahon et al., 
1994). 

NMR analyses of Ang II and its peptide analogs 
yielded models for the spatial arrangement of the four 
pharmacophore groups, Tyr 4 , His 6 , Phe 8 , and the C- 
terminal carboxyl group, that determine the biologically 
active conformation of the peptide (Nikiforovich and 
Marshall, 1993; Matsonkas et al., 1994; Nikiforovich et 
al., 1994). These studies indicated that the three aro- 
matic rings cluster together and suggested that a bend 
in the Tyr-Ile-His region of the molecule is a prominent 
feature of its agonistic conformation. The charged ami- 
no- and carboxyl-terminal regions of the Ang II molecule 
are believed to form an ion pair that maintains the 
hairpin shape of the Ang II molecule and also stabilizes 
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the binding of Ang II to the receptor. Structural compar- 
isons of Aug II and its nonpeptide antagonist analogs by 
overlapping the imidazole, phenyl ring, and acidic moi- 
eties confirmed the model of Aag II as a twisted hairpin 
shape with about 9 A between the His 6 imidazole and 
terminal earboxylate groups (Pierson and Freer, 1992). 
Also, significant interactions between the Asp 1 andArg 2 
side chains of Ang II were suggested by proton NMR 
studies (Zhou et al., 1991). 

Subsequent studies confirmed the compact folded 
shape of the Ang II peptide backbone, and the relative 
positions of the four pharmacophore groups. This shape 
resulted from electrostatic interactions between the N- 
and C-terminal groups and was similar to that for anti- 
body-bound Ang II as determined by crystallography 
(Joseph et al., 1995a 3 b). The conformation of Ang II in 
phospholipid micelles also confirmed the hairpin struc- 
ture of the molecule and suggested the presence of a 
stable hydrogen bond between the Phe s NH and His 6 
carbonyl group, with an inverse gamma turn centered on 
Pro 7 (Carpenter et al., 1998). 

The Phe 8 residue of Ang II has long been recognized to 
be crucial for its biological activity. This residue is im- 
portant for both the binding activity and the intrinsic 
activity of Ang II, and even minor charges in its struc- 
ture have marked effects on biological activity. Its aro- 
maticity and steric influence determine the biologically 
active conformation of the C terminus of Ang II, which 
requires an appropriate orientation of the position 8 



carboxyl group relative to the aromatic group of the 
phenylalanine residue. Replacement of Phe 8 by nonaro- 
matic residues endows antagonist properties that result 
from distortion of the orientation of the C-terminal car- 
boxyl group (Aumelas et al., 1985). Consistent with its 
central role in receptor activation, replacement of Phe 8 
by V-Phe s also caused antagonist activity, and replace- 
ment by Phe(Br5}8 causes prolonged pressor responses 
attributed to slow dissociation of the more hydrophobic 
peptide from the Ang II receptor (Bosse et al., 1990). 

2. Agonist Binding Site of the AT 2 Receptor. Amino 
acids in the AT X receptor that are essential for Ang H 
binding include the four cysteine residues that form the 
two external disulfide bonds and several other residues 
located in the exposed surface regions of the receptor 
(Fig. 2). In addition, polar or charged residues located 
within the hydrophobic transmembrane domains, in- 
cluding Lys 102 at the top of TM helix III and Lys 199 near 
the top of TM heirs V, participate in agonist binding. 
Some of the extracellular residues contribute to ligand 
interaction and stabilization of Ang II binding and oth- 
ers to the conformational change that causes receptor 
activation. The additional disulfide bridge between the 
amino terminal region and the third extracellular loop of 
the ATi receptor appears to stabilize the receptor and 
may be necessary to maintain the proximity of the ex- 
tracellular amino acids that are involved in peptide 
binding. Cleavage of this disulfide bond probably ac- 
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counts for the impairment of ATj receptor binding by 
reducing agents (Ohyama et al., 1995). 

Aug II binds primarily to the extracellular region of 
the AT-l receptor (Hjorth et al., 1994) by interacting with 
residues in its N terminus and its first and third extra- 
cellular loops. However the transmembrane helices also 
participate in Ang II binding, since its C-terminal car- 
boxyl group interacts with Lys 199 in the upper part of 
helix 5 of the receptor (Underwood et al., 1994; Noda et 
al., 1995a; Yamano et al., 1995). This could involve the 
formation of a salt-linked triad between Lys 199 of the 
receptor and the carboxyl groups of Asp 1 and Phe G of the 
Ang II peptide (Joseph et al., 1995a,b). The Trp 253 resi- 
due has been proposed to stabilize the ionic bridge 
formed between Lys 199 and the carboxyl-terminal group 
of the Phe s residue. In addition, Phe 259 and Asp 263 in 
transmembrane helix VI could provide the docking site 
for His 6 of the ligand (Yamano et al., 1995). Two other 
residues (Lys 102 and Ser 105 ) in the outer region of trans- 
membrane helix III of the receptor have also been im- 
plicated in Ang II binding {Groblewski et al., 1995; Noda 
et al., 1995a). This region may participate in the forma- 
tion of the intramembrane binding pocket and possibly 
in stabilization of the receptor's conformation. 

The Asp 281 residue, located at the C-terminal end of 
the third extracellular loop of the AT X receptor, serves as 
a major docking point for Ang II through its charge 
interaction with Arg 2, of the ligand (Feng et aL, 1995). 
The Asp 278 residue could also be important in this re- 
gard, since its mutation causes an even greater loss of 
receptor binding affinity (Hjorth et al., 1994). The N- 
terminal Asp 1 residue of Ang II has been proposed to 
interact with His 123 in the second extracellular loop of 
the ATj receptor (Yamano et al., 1995). These findings 
support the view that Ang II attaches primarily via its 
charged amino-terminal end to the extracellular binding 
region of the receptor. The major docking points for the 
amino- and carboxyl-terminal ends of Ang II, Asp 2B1 and 
Lys 19B , respectively, are located at the outer ends of 
helices 7 and 5, respectively. The intramembrane bind- 
ing pocket lies between these proposed contact points, 
and is adjacent to the cleft that contains the binding 
sites of receptors for smaller ligands, as well as the 
nonpeptide binding site of the. AT^. receptor. This region., 
contains docking sites for the apolar/aromatic mid-por- 
tion of the Ang II molecule and for the carboxyl-terminal 
phenyl group that elicits the conformational change(s) 
leading to receptor activation. 

The apolar nature of the essential aromatic ring of the 
Phe 8 residue of Ang II binds to the AT ± receptor suggests 
that the phenyl group could interact with residues lo- 
cated within the membrane -spanning helices. This is 
consistent with NMR-based predictions of the receptor- 
bound conformation of Ang II that position the phenyl 
group in an appropriate location for such interactions 
(Nikiforovich et al., 1993, 1994). The phenyl group could 
interact with aromatic residues in the helices, some of 



which have been suggested to form an aromatic floor for 
charge interactions between ligand and receptor 
(Trumpp-Kallmeyer et al., 1992; Findlay et al., 1993). 
Modeling studies on the AT ± receptor have also sug- 
gested that conserved aromatic residues in helices TV 
and VI could form the base of the ligand binding site, as 
in other G protein-coupled receptors (Underwood et al., 
1995). Mutations of two of these residues, Phe 2GS and 
Trp 253 , reduces Ang II binding to the receptor (Yamano 
et al., 1995). Whether the aromatic group of Phe 3 of the 
ligand interacts with the binding pocket of the receptor 
via these amino acids, or with aromatic residues in other 
segments of the membrane domains, has yet to be de- 
termined. The Phe B residue could also form a polar/ 
aromatic interaction with the hydroxyl group of Ser 105 in 
the third transmembrane domain of the receptor (Jo- 
seph et al., 1995a,b). 

The Tyr 4 residue of Ang II is an important determi- 
nant of its binding and biological activities (Bumpus et 
al., 1977; Capponi and Catt, 1979; Nikiforivich et ah, 
1993, 1994). In fact, reversing the Tyr 4 and Phe 8 resi- 
dues of the Ang II molecule (Marshall et al., 1970) 
formed the first Ang II antagonist. The Tyr 4 residue has 
been proposed to interact with Arg 167 at the top of the 
fourth transmembrane helix (Yamano et al., 1995), and 
could also disrupt the hydrogen bonding between Asn 111 
and Tyr 292 in transmembrane domains 3 and 7 of the 
unoccupied receptor by competing with Tyr 292 . This 
would permit the latter to interact with Asp 74 in the 
second transmembrane domain during receptor activa- 
tion. In tins mechanism, the loss of a proton from the 
Tyr 4 phenolic hydroxyl group to the carboxyl group of 
Glu 91 could be part of a relay system initiated by the 
interaction of His e with Thr SB and Glu 91 of the receptor 
(Joseph et al., 1995a,b). 

3. Antagonist B inding of the AT 7 Receptor. Since Ang 
II is a major regulator of blood pressure, aldosterone 
secretion, and fluid homeostasis, and is also an impor- 
tant etiological factor in hypertension and other cardio- 
vascular disorders, blockade of Ang II formation or ac- 
tion by ACE inhibitors or receptor antagonists is of 
major therapeutic importance. Early attempt to develop 
therapeutic agents able to block the Ang II receptor 

impeded by the peptidic nature of antagonists such as 

saralasin, which lacked oral activity and showed agonis- 
tic properties (Pals et al., 1979). More recently, based on 
imidazole derivatives first described by Furukawa et al. 
(1982), it became possible to develop specific nonpeptide 
Ang II receptor antagonists that specifically and selec- 
tively block the angiotensin AT X receptor (Timmermans 
et al., 1993; Goodfriend et al., 1996). The first of this 
series to reach the clinic, losartan, was followed by a 
large number of orally active AT X antagonists (Table 
2). These can be classified in two groups depending on 
the presence of a biphenyltetrazole moiety, as in the 
prototype drug, losartan, in their structure. Receptor 
binding of nonpeptide Ang II antagonists is saturable 
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TABLE 2 

Structure of AT, andAT z receptor nonpeptidic antagonists 





and usually reversible and is independent of the path- 
way responsible for the synthesis of Ang II. This could be 
relevant to comparisons with ACE inhibitors, given the 
possible role of alternative Ang II-generating enzymes 
such as chymase, in human tissues (Urata et al., 1996). 

In pharmacological studies on the properties of angio- 
tensin and its synthetic analogs, certain AT t receptor 
antagonists not only cause a rightward shift in the Ang 
II dose-response curve but also reduce the maximal re- 
sponse to agonist stimulation (Wienen et al., 1993; Mo- 
rimoto and Ogihara, 1994; Criscione et al., 1995; Goa 
and Wagstaff, 1996; Gillis and Markham, 1997; McClel- 
lan and Balfour, 1998). The latter compounds (candesar- 
tan, EXP 3174, valsartan, irbesartan) are termed insur- 
mountable antagonists, in contrast to surmountable 
antagonists such as losartan, eprosartan, and telmisar- 
tan, which do not impair the maximum response to Ang 
II. One explanation for this difference is that nonpeptide 
antagonists can act by interfering with receptor activa- 
tion by occupying an iutramembrane site that overlaps 
with the space occupied by the agonist (competitive or 
surmountable antagonists) or by inducing conforma- 
tional changes that prevent agonist binding (noncompet- 
itive or insurmountable antagonists). Another proposal 
is that surmountable antagonists such as losartan dis- 
sociate rapidly from the receptor, whereas insurmount- 
able antagonists, exemplified by candesartan, bind 
tightly and dissociate so slowly as to cause functional 
loss of the occluded receptors. Recent studies on the 



properties of the human A r T 1 receptor expressed in Chi- 
nese hamster ovary (CHO) cells have shown that the 
agonist-receptor complexes are divisible into a rapidly 
reversible, surmountable population, and a tightly bind- 
ing, insurmountable population (Fierens et al., 1999). 

Although losartan is a potent antagonist in its own 
right, about 10% of the dose is metabolized to EXP 3174, 
which has 10-fold higher affinity for the AT t receptor 
and is responsible for the 24 h decrease in blood pres- 
sure. Candesartan cilexetil is an inactive ester prodrug 
and is completely cleaved during absorption in the gas- 
trointestinal tract. Twenty-five percent of candesartan 
is eliminated by metabolism to an inactive metabolite. 
Among the other antagonists, irbesartan, valsartan, and 
eprosartan do not require metabolism to be active. Irbe- 
sartan is mainly ehminated by the liver (75%) and less 
than 2% is excreted unchanged in the urine. Sixty per- 
cent of eprosartan is cleared unchanged via the bile. 
Valsartan is essentially eliminated by biliary excretion 
and 10% of the dosage appears intact in urine. 

As expected, significant increases in renin activity, 
Ang I and Ang II are observed after blockade of the AT X 
receptor. It is conceivable that the increased circulating 
Ang II level could stimulate the AT 2 receptor, which 
appears to counterbalance the effect of the AT X receptor 
(see below). Blockade of the AT^ receptor not only inhib- 
its smooth muscle contraction but also reduces the pro- 
duction of pressor agents including aldosterone, vaso- 
pressin, catecholamine, and endothelin. AT 1 receptor 
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antagonists have shown exceptionally good tolerability 
and their incidence of adverse effects is similar to that of 
placebos. The AT X receptor antagonists are approved for 
the treatment of hypertension, and in early clinical stud- 
ies also appear to be of use in the treatment of congestive 
heart failure, postmyocardial infarction, and renal fail- 
ure. Several large clinical trials are in progress such as 
Scope, Life and Value for hypertension, Regaal and Sil- 
ver for left ventricular hypertrophy, ValHeft and Charm 
for congestive heart failure, Opthnaal and Valiant for 
postmyocardial infarction, and Irma, IDNT, Eenaal and 
ABCD 2V for diabetic nephropathy. 

Identification of the losartan binding region of the 
mammalian AT 2 receptor was facilitated by the finding 
that the amphibian Ang II receptor, which resembles the 
mammalian AT 1 receptor in its signal transduction 
mechanisms, does not recognize nonpeptide antagonists 
such as losartan. This enabled the amino acid residues 
involved in the binding of losartan to the mammalian 
AT 2 receptor to be detennined by analysis of the ligand 
binding properties of mutant rat AT X receptors in which 
nonconserved amino acids were replaced by the corre- 
sponding amphibian residues (Ji et al., 1994). Most of 
these mutant receptors showed only minor changes in 
binding affinity for Ang II and its peptide antagonist 
[Sar 1 ,Ile 8 ]Ang II, indicating that the overall conforma- 
tion of the receptor was unaltered by such replacements. 
However, several residues located in the transmem- 
brane domains (TMDs) of the receptor were found to be 



required for binding of the nonpeptide antagonist. These 
included Val 108 in TMD HI, Ala 163 in TMD IV, Pro 192 
and Thr 198 in TMD V, Ser 252 in TMD VI, and Leu 300 and 
Phe 301 in TMD VII. 

These findings demonstrated that the nonpeptide AT X 
antagonist binds to a site defined by amino acids located 
within the membrane-spanning regions of the receptor. 
Also, the nonpeptide binding site was largely distinct 
from the receptor domain that is involved in binding of 
Ang II and other peptide ligands. This conclusion is 
consistent with the presence of a primordial binding site 
for small ligands between the transmembrane helices of 
all GPCRs that can be used for the development of 
nonpeptide analogs for a wide variety of peptide hor- 
mones. Other amino acid residues in the rat AT 1B recep- 
tor that influence losartan binding include Ala 73 in TMD 
II; Ser 104 , Ala 114 , and Ser 115 in TMD III; Lys 199 in TMD 
V; Phe 248 in TMD VI; and Asn 295 in TMD VII (Schambye 
et al., 1994; Ji et al., 1994; Noda et al., 1995). These and 
other observations have implicated TMD III in losartan 
bmding to the mammalian AT X receptor. The locations of 
the multiple amino acids that contribute to losartan 
bmding in the receptor are shown in Fig. 3. 

A mutant amphibian receptor formed by exchanging 
these residues for the corresponding amino acids in the 
Xenopus AT receptor bound losartan with the same high 
affinity as the rat AT X receptor (IC 50 values: rat AT 
2.2 ± 0.2 nM; xAT > 50 :M; mutant xAT 2.0 ± 0.1 nM) 
(Ji et al., 1993, 1995). This gain-of-function mutation, in 




Pig. 3. Amino acids that contribute to the nonpeptide antagonist binding site of the AT, receptor. Besidues implicated iu 
indicated by green letters on orange background. The positions of the glycosylation Bites, and of the conserved residues among GPCR.S, 
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which the residues known to participate in the forma- 
tion of the ligand binding site in a mammalian hormone 
receptor were transferred to an unresponsive amphibian 
receptor, confirms the validity of the proposed losartan 
binding site. The identification of residues involved in 
receptor binding of nonpeptide Ang II analogs should aid 
in modeling studies on the structural basis of ligand 
recognition and activation of the Ang II receptor. 

Although there is little overlap between the in- 
tramembrane residues that influence Ang II and losar- 
tan binding, both ligands appear to interact with the 
region located between helices III, V, VI, and VII of the 
AT! receptor. This area also contains the binding sites of 
GPCRs for small ligands such as catecholamines and 
acetyl choline, as well as other nonpeptide antagonist 
analogs. In addition to sharing the binding pocket 
formed by the transmembrane helices of the receptor, 
Ang II and its nonpeptide analogs probably interact with 
common contact points at other locations in the receptor. 
In addition to the Lys 102 , Ser 105 , Arg 167 , and Lys 199 
residues, this could apply to Asn 295 , replacement of 
which by serine impairs the binding of Ang II as well as 
its nonpeptide agonist and peptide antagonist analogs 
(Hunyady et al., 1998). It is noteworthy that peptide 
agonist binding is also influenced by Phe 301 , an aromatic 
residue located near the end of helix VII (Hunyady et al., 
1996a, 1999). Mutation of this residue to alanine im- 
pairs Ang II and losartan binding, as well as that of the 
peptide antagonist, [Sar 1 ,rie s 3Ang II. These findings in- 
dicate that multiple residues contribute to the integrity 
of the bmding pocket and are required for optimal ago- 
nist and antagonist binding. 

Although the extracellular loops of the receptor con- 
tribute significantly to the binding of Ang II and its 
peptide antagonists, the intramembrane binding pocket 
has a major functional role in the AT X and probably most 
other peptide hormone receptors. In receptors for large 
and/or bulky ligands, the intramembrane binding pocket 
per se may not permit efficient interaction without ad- 
ditional stabilization of the ligand through bmding to 
residues in the extracellular surface of the receptor. 
Nevertheless, the binding pocket is essential for the 
initiation of receptor activation, and its interaction of 
agonists triggers the change in receptor conformation 
that leads to G protein coupling and second messenger 
generation. 

The importance of the transmembrane domains in 
receptor activation also applies to glycoprotein hormone 
receptors, which bind extremely large ligands. These 
data suggest that a co mm on mechanism for activation of 
GPCRs is based on critical interactions within the in- 
tramembrane binding pocket that evoke specific 
changes in receptor conformation. The extracellular do- 
mains of the receptor provide additional interactions 
with the ligand that are necessary for Mgh-affinity bind- 
ing. This is a prominent feature of receptors for larger 
agonists such as glycoprotein hormones, but also occurs 
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in those for small peptide hormones such as angiotensin 
II, bradykmin, and vasopressin. 

I. ATj Receptor Signaling Mechanisms 

1. AT 2 Receptor Activation and Signal Transduction. 
The AT 1 receptor, like other GPCRs, has been proposed 
to undergo spontaneous isomerization between its inac- 
tive (R) and active (R*) states. The inactive R state is 
favored in the absence of agonist ligands and is in equi- 
librium with a small proportion of the active R* state in 
its unliganded form. In the presence of Ang II, the active 
R* form of the receptor is either selected or induced by 
agonist binding. The shift in equilibrium during agonist 
activation favors the R* state, in which the altered con- 
formation of the receptor permits coupling to one or 
more G proteins that mediate intracellular signaling via 
phospholipase C and other pathways. Most receptors 
appear to be kept in their, inactive state by structural 
restraints that are removed by agonist bmding, leading 
to the formation of the activated R* state. Recent evi- 
dence suggests that the agonist-activated AT Z receptor, 
and possibly other GPCRs, undergoes transitions into 
multiple conformational states that are associated with 
the individual stages of receptor activation and regula- 
tion (Thomas et al., 2000). 

The proportion of receptors in the activated state var- 
ies among individual GPCRs and is manifested by vary- 
ing degrees of basal signaling activity when receptors 
are overexpressed in transfected cells. Significant de- 
grees of agonist-independent or constitutive activity 
have been observed in wild-type thyroid-stimulating 
hormone and muscarinic receptors (Burstein et al., 
1997; Wang and Gershengorn, 1999) but are not evident 
in the ATi and most other GPCRs. Agonist-induced ac- 
tivation of the AT a receptor appears to be triggered by 
an interaction between the Tyr 4 residue of Ang II and 
the Asn 111 residue located in the third transmembrane 
domain of the receptor (Noda et al., 1996). This, and the 
interaction of Phe 8 of the angiotensin molecule with 
His 236 in the sixth transmembrane domain of the recep- 
tor, appear to drive the AT t receptor into its fully active 
R* state (Noda et al., 1995a). 

The importance of Asn 111 as a switch residue in ago- 
nist-induced AT 2 receptor activation is further indicated 
by the ability of its mutation to Gly 111 or other small 
residues to induce constitutive activation of the receptor 
(Feng et al., 1998). This suggests that the ability of 
Asn 111 to act as a conformational switch is related to its 
side chain size, rather than polarity or hydrogen bind- 
ing. On the other hand, it is the aromaticity rather than 
the size of the Tyr* side chain that is important in 
receptor activation, which probably depends on amino- 
aromatic binding between Tyr 4 and Asn 111 of the recep- 
tor (Miura et al., 1999a). Aromaticity is likewise impor- 
tant in the interaction between Phe G and His 256 , which 
is critical for full receptor activation by agonist ligands. 
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Like other constitutively activated GPCRs, the 
Asn 1:L1 Gly and Asn 1:ll Ala mutant receptors show in- 
creased affinity and efficacy for agonist ligands, and 
exhibit marked increases in the sensitivity of their bio- 
logical responses to agonist stimulation. They also dis- 
criminate between inverse agonists, which stabilize the 
inactive conformation of the receptor, and neutral an- 
tagonists. For these reasons, constitutively active AT t 
receptors are highly sensitive to Ang II derivatives that 
are weak or partial agonists at the wild-type receptor 
(Miura et aL, 1999b). 

A proposed model of GPCR activation predicts that 
rigid body movement of the third, sixth, and seventh 
transmembrane domains induces conformational 
changes in the cytoplasmic loops that permit G protein 
interaction with the agonist-activated receptor (Gether 
and Kobilka, 1998). However, the manner in which the 
activating regions in the cytoplasmic domains of individ- 
ual GPCRs interact with specific subsets of G proteins is 
not yet known. Although many amino acids in the trans- 
membrane and cytoplasmic regions of a wide range of 
receptors have been implicated in G protein coupling, 
there are very few cases in which individual residues 
can be correlated with binding to specific types of G 
proteins (Hunyady et al., 1996b). The limited degree of 
selectivity of most such residues presumably reflects the 
precise conformational requirements for specific inter- 
action of receptors with their cognate G proteins. 

Although the AT 1 receptor has been reported to inter- 
act with several G proteins, its major physiological func- 
tions are expressed through G q -mediated activation of 
phospholipase C followed by phosphoinositide hydroly- 
sis and Ca 2+ signaling. Although all GPCRs possess the 
basic seven transmembrane structure, only a few amino 
acids are highly conserved among the superfamily of G 
protein-coupled receptors (Fig. 1). One such conserved 
motif is the characteristic NPX^Y sequence that is 
located in the seventh transmembrane domain of most 
receptors, and in the rat AT^ receptor is Asn 29B -Pro 299 - 
Leu 300 -Phe 301 -Tyr 302 . A recent model of aminergic 
GPCRs suggests that the MPX 2 _ 3 Y sequence is ideally 
placed to receive a signal from agonist-induced confor- 
mational changes in the ligand binding region (Donnelly 
et al., 1994). In the three-dimensional structure of the 
receptor, this sequence is in close proximity to the as- 
paragine-aspartic acid pair located in transmembrane 
segments 1 and 2 and may form functionally important 
hydrogen bonding interactions with this region. Such 
models assume that the highly conserved proline resi- 
dues, which disrupt the o-helical structure of the trans- 
membrane domains, could serve as hinges during the 
conformational changes that occur in agonist- activated 
receptors. One such proline residue is located within the 
seventh transmembrane domain in the conserved 
NPX 2 _ 3 Y sequence and has been fomid to be important 
for signal transduction by the m a muscarinic receptor 
(Wess et al., 1993). However, this residue does not ap- 



pear to be essential for signaling by Ang II and gonado- 
tropin-releasing hormone (GnRH) receptors. 

Another interesting feature of the NPX 2 „ 3 Y sequence 
is its similarity to the NPXY internalization sequence 
that is present in the cytoplasmic segment of receptors 
for low-density lipoprotein and several growth factors. 
The tyrosine residue in this sequence has been reported 
to be essential for sequestration of the /3-adrenergic re- 
ceptor (Barak et al., 1994). However, this does not apply 
to the gastrin-releasing peptide receptor (Slice et al., 
1994) and the AT-, receptor, both of which contain an 
additional aromatic amino acid (Phe 331 and Phe 301 , re- 
spectively) in their NPX^Y sequences. The presence of 
such residues might be important since phenylalanine 
can substitute for the tyrosine residue in the NPXY 
internalization sequence of nutrient receptors. 

An analysis of the functional role of the Asn 298 ~Pro 299 - 
Leu 300 -Phe 301 -Tyr 302 sequence (Hunyady et al., 1995b) 
revealed that the ability of the receptor to interact with 
G proteins and to stimulate inositol phosphate re- 
sponses was markedly impaired by alanine replacement 
of Asn 298 and was reduced by replacement of Pro 299 or 
Tyr 302 . The Phe 301 Ala mutant receptor exhibited normal 
G protein coupling and inositol phosphate responses, 
and the binding of the peptide antagonist, [Sar^Ile^Ang 
H, was only slightly affected. However, its affinity for 
Ang II and the nonpeptide antagonist losartan was re- 
duced by an order of magnitude, suggesting that Ang II 
and losartan share an intramembrane binding site, pos- 
sibly through their aromatic moieties, in this region. 
None of the agonist-occupied mutant receptors, includ- 
ing Tyr 302 Ala and triple alanine replacement of Phe 301 , 
Tyr 302 , and Phe 304 showed substantial changes in their 
internalization kinetics. These findings demonstrate 
that the NPLFY sequence of the AT X receptor is not an 
important determinant of agonist-induced internaliza- 
tion. However, the Phe 301 residue contributes signifi- 
cantly to agonist binding, and Asn 298 is required for 
normal receptor activation and signal transduction. 

Another highly conserved amino acid in the superfam- 
ily of G protein-coupled receptors is a tyrosine residue 
located in the fifth transmembrane helix, adjacent to the 
amino-terminal end of the third cytoplasmic loop. The 
location of this amino acid, which is Tyr 215 in the rat AT : 
receptor, suggests that it could be involved in receptor 
activation. The amino-tenriinal region of the third cyto- 
plasmic loop adjacent to this residue has been shown to 
be important in the signal generation and internaliza- 
tion of several G protein-coupled receptors. Further- 
more, modeling of G protein-coupled receptors based on 
the crystal structure of bovine rhodopsin has suggested 
that this residue is in molecular proximity to regions 
that are important in receptor activation, including the 
conserved acidic-arginine-aromatic (DRY) triplet of the 
second intracellular loop (Baldwin et al., 1997). Al- 
though ATj receptor internalization and signal trans- 
duction have different structural requirements, a 
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6-amino acid deletion of the ammo-terminal end of the 
third cytoplasmic loop, which included Tyr 215 , was found 
to prevent both receptor internalization and signaling 
responses. The role of the highly conserved Tyr 215 resi- 
due in the activation of GPCRs was analyzed in a mu- 
tant AT a receptor created by replacing this a min o acid 
with a phenylalanine residue (Hunyady et al., 1995b). 

The resulting Tyr 215 Phe mutant receptor was nor- 
mally expressed in transfected COS-7 cells, and its bind- 
ing affinity for the peptide antagonist [Sar 1 , Ile 3 ]Ang II 
was similar to that of the wild-type receptor. However, 
its affinity for Ang II was significantly reduced and its 
ability to mediate inositol phosphate responses to Ang II 
stimulation was abolished. These changes were associ- 
ated with loss of coupling of the mutant receptor to G 
proteins, as indicated by the lack of effect of GTPyS on 
agonist binding to the receptor. The agonist-induced 
internalization of the mutant receptor was also im- 
paired. The concomitant decreases in receptor internal- 
ization and G protein-mediated signaling of the 
Tyr 21s Fhe mutant receptor indicate that this residue 
has a critical role in AT t receptor activation. It is possi- 
ble that the Tyr 215 residue takes part in propagation of 
the agonist-induced conformational change to the intra- 
cellular loops that participate in G protein coupling. In 
view of its wide conservation among members of the 
seven transmembrane domain receptor superfamily, 
this residue is likely to be of general importance in 
signal transduction from G protein-coupled receptors. 
The AT a receptor, like many other Ca 2+ -mobilizing 
GPCRs, signals primarily through coupling to a G q/11 
protein that activates phospholipase C-/3 (PLC-0), lead- 
ing to polyphosphoinositide hydrolysis, stimulation of 
InsPg/calcium signaling, and activation of protein kinase 
C. However, in cultured rat VSMC it is predominantly 
PLC-y rather than PLC-/3 that is activated during Ang II 
action. This response, which is dependent on tyrosine 
phosphorylation of the PLC-y isozyme, is distinct from 
the usual process of activation of PLC-^ and /3 2 by 
GPCRs through a and j3y subunits derived from the 
heterotrimeric G proteins, G q/11 and Gj/ 0 , respectively. 
ATi receptors have also been reported to couple to the 
G 12/13 family of pertussis-insensitive G proteins, which 
appear to mediate Ang II-induced L-channel activation 
in rat portal vein myocytes (Macrez et al., 1997). In the 
rat, the AT ± receptor is also coupled to pertussive-sen- 
sitive G;/ 0 protein(s) that inhibit adenylyl cyclase in sev- 
eral Ang II target tissues, including the adrenal glo- 
merulosa zone, liver, kidney, and pituitary gland. Ang II 
has also been found to stimulate modest increases in 
cyclic AMP production in some of its target tissues. 
However, this may result from activation of Ca 2+ -sensi- 
tive adenylyl cyclases rather than coupling of the AT± 
receptor to G a . Interestingly, although the cloned rat 
AT, A and AT 1B receptors expressed in COS-7 and Y-l 
cells show the expected coupling to phosphoinositide 
hydrolysis and other G q/11 -mediated responses, they do 



not exhibit coupling to G r mediated responses such as 
inhibition of adenylyl cyclase (Tian et al., 1996). 

2. ATj Receptor and Tyrosine Phosphorylation. In 
addition to its rapid actions on phosphoinositide/calcium 
signaling, Ang II elicits many of the intracellular signal- 
ing responses that are typically associated with activa- 
tion of growth factors. These include tyrosine phosphor- 
ylation, most immediately of PLC- 7 and subsequently of 
several other downstream proteins and effector en- 
zymes. These include pp60 c - src , ppl20, ppl25 FAK , JAK2, 
STATs, paxilhh, TYK2, and MAPK (Bernstein and Mar- 
rero, 1996). Because GPCRs do not have intrinsic ty- 
rosine kinase activity, the ability of the AT X receptor to 
induce tyrosine phosphorylation and activation of PLC-y 
in rat VSMC, with consequent increases in InsP 3 pro- 
duction and Ca 2+ signaling, must depend on other ty- 
rosine kinases. Such ligand-induced activation of PLC-y 
by tyrosine phosphorylation may occur during the ac- 
tions of growth factors on their target cells, and accounts 
for the associated elevations in [Ca 2 ^. This aspect of 
AT X receptor function has been controversial, because 
the mechanisms by which the receptor couples to PLC in 
VSMC are poorly denned. In most cell types, .calcium- 
mobilizing GPCRs are coupled through their cognate G 
proteins to activation of the JS isozymes of PLC. The 01 
and 02 enzymes are activated by G K and Qp y subunits, 
respectively, the former derived from G q/11 and the lat- 
ter largely from Gy 0 proteins. In contrast, AT X receptor- 
mediated activation of PLC-y is dependent on tyrosine 
phosphorylation and consequently on signaling from re- 
ceptor or nonreceptor tyrosine kinases. 

The mechanism by which Ang II stimulates tyrosine 
phosphorylation and activation of PLC-y involves bind- 
ing of the enzyme to the C-terminal cytoplasmic domain 
of the AT 1 receptor. This interaction occurs between the 
C-terminal cytoplasmic domain of PLC-yl and a phos- 
phorylated YIPP motif located within the intracellular 
tail of the receptor (Venema et al., 1998a). The same 
YIPP motif has been implicated in the binding of JAK2 
to the AT X receptor, probably as a complex with the 
phosphotyrosine phosphatase, SHP-2 (Ah et al., 1997a). 
The way by which AT X receptor activation regulates 
ligand-dependent bmding of two distinct intracellular 
signaling proteins to the same site in its cytoplasmic tail 
has yet to be determined. The relative roles of PLC-/3 
and PLC-y in Ang II-induced phosphoinositide hydroly- 
sis in VSMC have been difficult to determine, and stud- 
ies on the relative abundance of the PLC isoforms in 
VSMC have given variable results. Relatively little 
FLC-0! was detected in rat and rabbit VSMC in some 
reports (Homma et al., 1993; Marrero et al., 1994), but 
others have found that all three isozymes (a, 0, and y) 
are abundant in rat VSMC (Ushio-Fukai et al., 1998). In 
the latter study, AT a receptors were proposed to couple 
initially to PLC-jB by heterotrimeric G proteins, and 
subsequently to PLC-y. The G proteins responsible for 
the early activation of PLC-6, and the initial maximum 
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InsP 3 response at 15 to 20 e. included both. G^ and G 12 . 
The subsequent activation of PLC-y and its contribution 
to the delayed InsP 3 response are attributed to its ty- 
rosine phosphorylation by a downstream kinase. This 
study also suggested that /3y subunits derived from G 12 
are involved in the activation of PLC in VSMC, and 
mediate Ang II-induced activation of PUD in these cells. 

3. AT] Receptor-Activated Growth Responses. In ad- 
dition to its contractile and secretory actions in smooth 
muscle and adrenal cells, Ang II stimulates growth 
and/or proliferative responses in these and others of its 
target cells. This effect was first documented in rat 
adrenal glomerulosa cells, which respond to sodium de- 
ficiency with hypertrophy and hyperplasia, and undergo 
regression in animals on high sodium intake {Gross, 
1968). These changes are dependent on the circulating 
Ang II level, which is a major determinant of trophic 
changes in the adrenal glomerulosa zone (Aguilera et al,, 
1978). Ang II also has trophic actions on renal mesangial 
cells and vascular smooth muscle cells, leading to cellu- 
lar hypertrophy and sometimes to cell division (Huckle 
and Earp, 1994). Cardiac myocytes and fibroblasts also 
exhibit hypertrophic responses to Ang II. However, car- 
diac fibroblasts undergo both hypertrophy and prolifer- 
ation during stimulation by Ang II, an action that con- 
tributes to the development of ventricular hypertrophy. 
Treatment with AT 1 antagonists has been found to abol- 
ish the growth-promoting actions of Ang II in vitro and 
in vivo. As discussed below, many of the growth-related 
actions mediated by the AT 1 receptor are inhibited by 
concomitant binding of Ang II to the AT 2 receptor. 

The growth factor-like effects of Ang II include in- 
creases in tyrosine phosphorylation of numerous intra- 
cellular proteins, activation of MAPK and related path- 
ways, and increased expression of several early response 
genes including c-fos, c-jun, and c-myc (Clark et al., 
1992; Berk and Corson, 1997). These changes are asso- 
ciated with cell growth, increased thymidine incorpora- 
tion, and cell proliferation (Tian et al., 1995). Such ac- 
tions of Ang II are consistent with its well defined 
growth effects in adrenal glomerulosa and VSMC, and 
its role in the vascular and cardiac lesions associated 
with endothelial damage, atherosclerosis, hypertension, 
and cardiac failure. One of the earliest Ang II-induced 
events in VSMC is the rapid tyrosine phosphorylation 
and activation of PLC-y, and the ensuing phosphoinosi- 
tide/Ca 3+ signaling responses that initiate many of the 
actions of Ang II in these cells (Marrero et al., 1994). 
This is accompanied by the rapid activation of Ras, and 
its dependent phosphorylation cascades that extend 
through the cytoplasm and into the nucleus, with con- 
sequent effects on cell growth and differentiation. These 
include the MAPK and related pathways, in which se- 
quential phosphorylations that are initiated at the 
plasma membrane lead to subsequent actions in the 
nucleus and other regions of the cell. 



The consequences of Ang II-induced activation of Ras 
in cardiac myoeytes resemble those elicited by agonist 
activation of growth factor receptors, in which the 
MAPK cascade is initiated by the binding of adaptor 
proteins, such as Grb2 and She, to the autophosphory- 
lated receptors (Sadoshima et al., 1995). These adaptors 
interact with guanine nucleotide exchange factors that 
enhance the activities of small GTP binding proteins, 
including Ras, Rac, and Rho. The small G proteins of the 
Ras superfamily are activated by recruitment of guanine 
nucleotide exchange factors such as Sos, which promotes 
the exchange of GTP for Ras-bound GDP to form the 
active Ras-GTP complex. Ras-GTP then recruits and 
activates serine/threonine kinases such Raf-1 or Mos, 
which in turn activate dual-specificity MAPK kinases, 
such as MEKs, by serine phosphorylation. MEKs in turn 
phosphorylate the MAPKs, p44 MAFK and p42 MAPK (also 
known as extracellular signal-regulated kinases, or 
ERK1 and ERK2) on threonine and tyrosine residues 
that are located within a TEY phosphorylation motif in 
their activation loop. The activated MAPKs are translo- 
cated into the nucleus, where they phosphorylate other 
kinases and transcription factors that regulate the co- 
ordinated expression of genetic programs that control a 
wide variety of cellular functions. These include several 
early response genes and others such as c-myc, Elkl, 
Ets, RSK, and Mnk. MAPKs also exert regulatory ac- 
tions on other signaling pathways in the cytoplasm and 
at the cell membrane. The multiple actions of activated 
MAPKs are terminated by a group of dual-specificity 
phosphatases that selectively dephosphorylate the indi- 
vidual MAPKs and related enzymes (Neel and Tonks, 
1997). 

Ang II is but one of several calcium-mobilizing GPCRs 
that mimic the effects of growth factors and other recep- 
tor kinases on the activation of MAPKs and early re- 
sponse genes. The way by which this response is linked 
to the well defined phosphoinositide/ealcium signaling 
system that is used by many such receptors has only 
recently been established, and some aspects of this pro- 
cess still remain to be determined. In addition to the 
need for Ca 2+ signaling (Sadoshima et al., 1995) a role of 
PKC was suggested by reports of phorbol ester-induced 
activation of Raf and Ras in certain cell types. In addi- 
tion, the phorbol ester insensitive PKC isoform, PKC-f, 
was found to mediate Ang II-induced activation of 
ERK1/2 in VSMC and to associate with Ras during Ang 
II stimulation (Liao et al., 1997). Such findings indicated 
that additional upstream factors must be of primary 
importance in MAPK activation by calcium-mobilizing 
GPCRs. In rat VSMC, Ang II also activates Ras (Schief- 
fer et al., 1996), an early and cardinal intermediate in 
stimulation of the MAPK pathway by growth factors. 
The Ang II-induced activation of Ras is more rapid and 
less prominent than that elicited by epidermal growth 
factor (EGF) and is substantially reduced by treatment 
with pertussis toxin. However, the concomitant in- 
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creases in MAPK activity and c-fos expression are not 
impaired by pertussis toxin (Okuda et al., 1996), sug- 
gesting that these responses are not dependent on the 
Gi-mediated activation of Ras that occurs in Ang II- 
stimulated VSMC. 

Ang II not only increases Ras-GTP levels but also 
stimulates the formation of Ras-Raf-1 complexes and 
tyrosine phosphorylation of GTPase-activating proteins 
(GAPs) such as pl20 Ras-GAP and pl90 Rho-GAP. 
Theae effects are prevented by the introduction of pp60 c " 
src antibodies into the cultured cells, as is the tyrosine 
phosphorylation of PLC-7I and a substantial fraction of 
the Ang II-induced Ins(l,4,5)P 3 response (Marrero et al., 
1995; Schieffer et al., 1996). These and other findings 
have shown that Ang II partially mimics the action of 
growth factors by using the Ras pathway to activate 
MAPK Furthermore, this appears to involve the nonre- 
ceptor tyrosine kinase, Src (ppeO^ 0 ), which probably 
acts through tyrosine phosphorylation and activation of 
a nucleotide exchange factor. Further evidence for the 
importance of Src in Ang EE-stimulated activation of 
ERK has come from studies with tyrosine kinase inhib- 
itors, and in Src-defieient and Src-overexpressing VSMC 
(Ishida et al., 1998). 

4. Transactivation of Growth Factor Signaling by the 
ATj Receptor, In addition to Src, a calcium-dependent 
tyrosine kinase has been implicated in the Ang II-in- 
duced stimulation of the Ras/MAPK cascade in VSMC 
(Eguchi et al., 1996). This observation led to the recog- 
nition that transactivation of the EGF receptor contrib- 
utes to the activation of MAPK by Ang II in these cells. 
This process involves the calcium-dependent phosphor- 
ylation of the EGF receptor to form docking sites for Src 
and the adaptor protein, She, which then recruits Grb2 
and Sos to activate Ras {Eguchi et al., 1998). 

These findings account for much of the similarity be- 
tween the actions of Ang II and growth factors on the 
activation of PLC-y, tyrosine kinases, and MAPKs, and 
increased expression of nuclear proto-oncogenes. They 
are also consistent with the observation that Aug and 
platelet-derived growth factor {PDGF) signaling cas- 
cades converge in VSMC, with activation of the PDGF-/3 
receptor (Linseman et al., 1995). Ang II also stimulates 
the tyrosine phosphorylation and activation of the IGF-1 
receptor, as well as insulin receptor substrate 1, in 
VSMC (AH et al., 1997b). Recently, activation of the EGF 
receptor by Ang II has been implicated in the Ang II- 
induced synthesis of TGF-jS and fibronectin in cardiac 
fibroblasts. This effect was mediated by downstream 
signaling from the EGF receptor, which was transacti- 
vated by Ang II via a Ca 2+ -dependent tyrosine kinase. 
The Ang II-induced expression of fibronectin mRNA was 
regulated at the transcriptional level by binding of the 
fos/jun complex to an AP-1 site and also by stabilization 
of the message through actions of TGF-/3 (Moriguchi et 
al., 1999). 



These observations are relevant to the proposed role of 
ATi receptor activation in the remodeling of cardiac 
interstitial tissue during ventricular hypertrophy. Ang 
H has been shown to stimulate the expression of colla- 
gen and fibronectin in cardiac fibroblasts, and to pro- 
mote the release of newly formed collagen from the cells 
(Villareal et al., 1993; Crabos et al., 1994). At least one of 
the calcium-dependent tyrosine kinases that could me- 
diate the transactivation of the EGF receptor by Ang IE 
has been identified as Pyk2 (also termed CAK/3 and 
RAFTK). However, it appears that Pyk2 does not fully 
account for this process and that other mechanisms are 
involved in AT 2 reeeptor-mediated transactivation of the 
EGF receptor (Murasawa et al., 1993). Another example 
of cross-talk from the AT X receptor is its ability to influ- 
ence the activity of the LOX-1 receptor for oxidized low- 
density lipoprotein in human coronary artery endothe- 
lial cells (Li et al., 1999). Since oxidized low-density 
lipoprotein has been implicated in the pathogenesis of 
atherosclerosis, and attenuates nitric oxide-induced di- 
latation, and promotes leukocyte deposition in the vas- 
cular wall, the ability of Ang II to up-regulate LOX-1 
expression via AT X receptors suggests another potential 
role for AT X antagonists in the management of cardio- 
vascular disease. 

5. Other ATj Receptor-Mediated Signaling Path- 
ways. In addition to activating phosphoinositide/cal- 
cium signaling, tyrosine phosphorylation, and MAPK 
pathways, Ang II also acts through the AT X receptor to 
stimulate the Jak/STAT signaling pathway. This was 
first observed in neonatal cardiac fibroblasts and trans- 
fected CHO cells, in which the ATja receptor activates 
the STAT signaling pathway and stimulates sis-induc- 
ing factor-like DNA binding activity (Bhat et al., 1994). 
The stimulatory effect of Ang II on SIF/STAT activation 
was slower than that elicited by EL-6, and was preceded 
by an initial inhibitory phase that was associated with 
concomitant suppression of IL-6-induced STAT tyrosine 
phosphorylation and SIF responses (Bhat et al., 1995). 
The inhibitory action of Ang II on IL-6-induced Stat3 
signaling was attributed to activation of the MAPK 
pathway and could be attenuated by the MAPK inhibi- 
tor, PD98059 (Bhat et al., 1996). Ang II was subse- 
quently found to stimulate rapid serine phosphorylation 
of Stat3 via a MAPKl-dependent pathway (Bhat and 
Baker, 1997). In neonatal cardiac myocytes, the AT X 
receptor is coupled through Jak2 kinase to the activation 
of Statl and Stat3, and to the formation of SIF com- 
plexes (McWhinney et al., 1997). 

Ang II also causes rapid and transient activation of 
the Jak/STAT pathway in rat aortic smooth muscle cells 
(Marrero et al., 1995). This is initiated by tyrosine phos- 
phorylation and increased catalytic activity of Jak2, and 
is dependent on its physical association with the ago- 
nist-activated AT X receptor. This interaction occurs at a 
YIPP sequence that is located in the carboxy terminal 
tail of the receptor (AH et al., 1997a,b), and is also 
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present in the PDGF receptor. This motif has also been 
implicated in the binding of SH2 domains in PLC-7 to 
the ATx receptor (Venema et al., 1998a). The binding of 
Jak2 to this motif lias been attributed to the participa- 
tion of SHF-2 phosphotyrosine phosphatase, which also 
contains an SH2 domain and functions as an adaptor 
protein in the association between JAK2 and the AT X 
receptor (Marrero et al., 1998). 

In addition to ERK1 and ERK2, Ang II stimulates the 
activity of c-Jun N-terminal kinase (JNK) members of 
the MAPK family. In vascular smooth muscle cells, p21- 
activated kinase (PAK), which mediates JNK activation 
by ILi-1 and tumor necrosis factor, was rapidly stimu- 
lated by Ang II before the activation of JNK. Ang II- 
induced activation of both PAK and JNK was dependent 
on calcium and PKC, and partially on a tyrosine kinase 
other than Src. These findings, and the ability of a 
do min ant negative PAK to attenuate the JNK response 
to Ang II in transfected CHO and COS cells, indicated 
that PAK is a mediator of JNK activation by Ang II in 
VSMC {Schmitz and Berk, 1997). In this regard, Ang II 
again behaves like inflammatory cytokines such as IL-2 
and tumor necrosis factor-a, by acting through PAK as 
an upstream mediator of JNK. 

Ang II also promotes hypertrophy of VSMC through 
an oxidant stress-dependent mechanism. Reactive oxy- 
gen species such as hydrogen peroxide and 0| appear to 
be involved in the pathogenesis of hypertension and 
atherosclerosis, and are released from endothelial cells 
and other vascular and circulating cells (Rajagopalan et 
al., 1996). These molecules have been implicated in vas- 
cular smooth muscle proliferation and in the develop- 
ment of hypertension (Laursen et al., 1997; Abe and 
Berk, 1998). The reactive oxygen species that are gen- 
erated by xanthine oxidase are potent stimuli of VSMC 
proliferation (Rao and Berk, 1992). Conversely, antioxi- 
dants reduce the cell response to growth factors, and 
inhibit the proliferation of VSMC (Boscoboinik et al., 
1995). In cultured rat VSMC, Ang II causes rapid in- 
creases in intracellular H z 0 3 and phosphorylation of 
p42/44 MAPK and p38 MAPK. Treatment with H 2 0 2 
activates only p38 MAPK, and an NADH/NADPH oxi- 
dase inhibitor reduced only p38 MAPK phosphorylation 
in Ang II-treated cells. Also, blockade of Ang II-induced 
p38 MAPK phosphorylation by transfected catalase in- 
hibited solely p38 MAPK phosphorylation, and reduced 
Ang II-induced cell hypertrophy. These findings indicate 
that both the p38 MAPK and the p42/44 MAPK path- 
ways are required for the hypertrophic response of 
VSMC to Ang II (Ushio-Fukai et al., 1998). 

In addition to their role in Ang II-induced activation of 
p38 MAPK, reactive oxygen species mediate the activa- 
tion by Ang II of Akt/protein kinase B (Akt/PKB) in 
VSMC (Ushio-Fukai et al., 1999b). This serine-threo- 
nine kinase has been implicated in protein synthesis and 
also appears to be an important component of a survival 
pathway that protects cells from apoptosis. Akt/PKB is 



activated by several growth factors via Ras and phos- 
phatidylinositol-3 kinase, and also by heat shock and 
other stresses. In rat VSMC, the activation of Akt/PKB 
by Ang II is dependent on tyrosine phosphorylation and 
the activity of its upstream effector molecule, phospha- 
tidylinositol-3 kinase (Takahashi et al., 1999). These 
findings suggest that Akt/PKB has an important role in 
the intracellular actions of Ang II and in particular in its 
effect on cell survival (PoDman et al., 1996). 

NO inhibits several of the physiological actions of Ang 
II, and prevents its activation of ERK, JNK, and p38 
MAPK (Wang and Murphy, 1998). In rat cardiac fibro- 
blasts, NO inhibits the activation of PYK2 and causes a 
concomitant decrease in ERK phosphorylation in Ang 
II-stimulated cells. Since PYK2 is essential for Ang II- 
induced activation of ERK in VSMC (Sabri et al., 1998), 
these fmdings suggest that it could be a locus at which 
NO regulates calcium-dependent signaling by the AT X 
and other G q -coupled receptors (Lev et al., 1995). 

J. Receptor Activation and Endocytosis 

Agonist activation of many plasma-membrane recep- 
tors is followed by clustering of the complexes in clath- 
rin-coated pits, and subsequent intern alizati on in clath- 
rin-coated vesicles to undergo degradation or recycling 
to the plasma membrane. Although nutrient receptors 
(e.g., for low-density lipoprotein and transferrin) fre- 
quently exhibit constitutive internalization, the hor- 
mone and growth factor receptors that evoke intracellu- 
lar signals usually undergo hgand-induced endocytosis. 
Growth factor receptors with intrinsic tyrosine kinase 
activity and G protein-coupled receptors are internal- 
ized by a similar clathrin-coated vesicular endocytic pro- 
cess. There is increasing evidence that the intracellular 
signaling mechanisms that are activated by these recep- 
tors do not necessarily participate in the internalization 
process. Such a dissociation between Ang II-induced G 
protein activation and receptor internalization was ob- 
served in studies on mutant and wild-type AT 1A recep- 
tors expressed in COS-7 cells (Hunyady et al., 1994b). 
Mutations of the third cytoplasmic loop revealed that 
the N-terminal part of this region is important for both 
receptor endocytosis and intracellular signaling. Also, 
three point mutations of the conserved Asp 74 residue in. 
TMD II, which has been implicated in signal transduc- 
tion by the AT 1A receptor and other GPCRs (Bihoreau et 
al., 1993), significantly impaired G protein coupling and 
phosphoinositide hydrolysis. However, the Asp 74 (D74N, 
D74H, and D74Y) showed markedly different internal- 
ization kinetics. The D74Y receptor showed the greatest 
impairment of internalization but retained the highest 
degree of inositol phosphate stimulation. In contrast, the 
D74N mutant, which showed the most impaired G pro- 
tein coupling and inositol phosphate responses, had nor- 
mal internalization kinetics. The combined mutant re- 
ceptor containing the D74N substitution and deletion of 
residues 221-226 from the third cytoplasmic loop 
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showed no G protein coupling or inositol phosphate re- 
sponse but was internalized about 60% as rapidly as the 
wild-type receptor. These data demonstrate that endo- 
cytosis of the AT X receptor is independent of agonist- 
activated signal transduction and indicate that receptor 
internalization and activation phosphohpase C have dif- 
ferent structural requirements. 

The demonstration that coupling to heterotrimeric G 
proteins and intracellular signaling responses is not re- 
quired for internalization of the AT 1 receptor indicated 
that the conformational changes that result from ago- 
nist-induced receptor activation exert largely indepen- 
dent effects on signal transduction and receptor endocy- 
tosis. However, since the structural requirements for 
signaling and internalization overlap, mutations that 
cause changes in G protein coupling are frequently ac- 
companied by impairment of endocytosis. Thus, the N- 
terminal region of the third cytoplasmic loop is impor- 
tant for both receptor signaling and internalization. 
However, the ability of internalization-deficient mutant 
receptors with specific changes in the cytoplasmic tail or 
third loop to activate their respective G proteins and 
signaling responses indicates that G protein activation 
alone is not sufficient to induce receptor endocytosis. 
The sequences in these regions that are important for 
receptor internalization are frequently enriched in 
serine and threonine residues. For example, the rat AT X 
receptor contains 12 serine/threonine residues in the 
23-amino acid segment located between residues 326 
and 348 of the cytoplasmic tail (Fig. 4). 

A mutational analysis of this region of receptor re- 
vealed that deletion of the carboxyl-terminal 22 amino 
acids of the receptor did not affect agonist-induced en- 
docytosis (Hunyady et al., 1994a). However, internaliza- 
tion was markedly impaired by removal of one addi- 
tional residue (Leu 337 ) and was reduced by 95% after 
removal of the adjacent Ser 335 and Thr 336 . In addition, 
triple alanine replacement of the Ser-Thr-Leu residues 
reduced internalization to almost the same extent as the 
corresponding tail deletion mutant. The Ser-Thr-Leu 
motif is highly conserved in mammalian AT X receptors 
but is not present in the noninternalizing AT 2 receptor. 
These findings demonstrate that a serine/threonine-rich 
region including Leu 337 in the cytoplasmic tail of the AT X 
receptor is a major requirement for endocytosis of the 
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Fig. 4. Location of agonist-induced phosphorylation sites in the ATj 
receptor. The potential serine and threonine phosphorylation sites are 
shown in bold letters. The most highly phosphorylated region in the 
C-terminal cytoplasmic tail during Ang n action is indicated by the 
shaded box. Potential PKC sites are indicated by brackets, and the 
corresponding phosphorylated setrines are shown by asterisks, Recent 
evidence suggests that lew agonist concentrations selectively induce PKC 
phosphorylation by other kinases is predominant at higher agonist con- 
centrations (Quian et al, 1999). 



hormone-receptor complex, and support the concept that 
similar motifs in other G protein-coupled receptors are 
detenninants of their agonist-induced internalization. 
An additional region in the cytoplasmic tail of the AT X 
receptor, involving hydrophobic and aromatic residues 
on a putative a-helix adjacent to the cell membrane, has 
also been found to be involved in agonist-stimulated 
endocytosis {Thomas et al., 1995). It is possible that 
these two regions in the cytoplasmic tail function coop- 
eratively to trigger endocytosis, and that agonist-in- 
duced receptor activation leads to phosphorylation of the 
serine/threonine-rich region and causes a conforma- 
tional change that exposes the more proximal hydropho- 
bic residues for interaction with the endocytic mecha- 
nism. 

K. ATj Receptor Function in Selected Tissues 

1. The AT 2 Receptor and the Brain. Ang II regulates 
numerous physiological responses through its central 
actions in the brain, where it functions as a neurotrans- 
mitter or neuromodulator to influence blood pressure, 
drinking behavior, salt appetite, and several neuroendo- 
crine processes. Some of these responses are induced by 
the actions of circulating Ang II at the circumventricular 
organs and other specialized regions, and others are 
influenced by locally formed Ang II generated witJiin the 
brain itself. Although circulating hormones are effec- 
tively excluded from most parts of the brain by the 
blood-brain barrier, neurons in the circumventricular 
organs are accessible to many circulating ligands via the 
fenestrated endothelial cells of their dense capillary cir- 
culation. Due to the absence of the blood-brain barrier at 
these sites, neurons within the subfornical organ (SFO), 
organum vasculosum lamina terminates (OVLT), and 
area postrema are exposed to circulating hormones, 
ions, and other potential regulatory factors. These three 
structures, sometimes called the sensory circumven- 
tricular organs (Johnson and Gross, 1993), are rich in 
AT X receptors and have been implicated in numerous 
homeostatic processes. Ang II is but one of several pep- 
tides that bind to high-affinity receptors located on cir- 
cumventricular neurons that project to hypothalamic 
nuclei and other brain regions. Other ligands with abun- 
dant circumventricular receptors include atrial natri- 
uretic peptide, vasopressin, cholecystokinin, GLP-1, cal- 
citonin, and relaxin (McKinley and Oldfield, 1998). 

The pressor response to circulating Ang II is mediated 
by the area postrema and the SFO, and its stimulatory 
actions on water and salt ingestion, vasopressin secre- 
tion, and adrenocorticotropin (ACTH) release are medi- 
ated by the SFO. ATj-expressing neurons in the SFO 
send projections to the supraoptic and paraventricular 
nuclei of the hypothalamus to influence vasopressin and 
ACTH release (Oldfield et al., 1994), and to the median 
optic nucleus to stimtilate water drinking (Cunningham 
et al., 1991). 
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Like several other peptide hormones, Ang II exerts 
effects in. the central nervous system that are comple- 
mentary to its primary physiological actions in periph- 
eral tissues. This is well exemplified by the presence of 
brain AT-! receptors at sites that influence cardiovascu- 
lar function, fluid and electrolyte homeostasis, and pi- 
tuitary hormone secretion (Allen et al., 1998, 1999). The 
existence of an endogenous brain renin-angiotensin sys- 
tem that is distinct from the systemic system comprised 
of the kidneys, liver, and lungs has been demonstrated 
by numerous studies over the last 30 years. Early evi- 
dence for a central mechanism that contributes to the 
development of Ang II-induced hypertension (Bickerton 
and Buckley, 1961) was followed by the demonstration of 
renin and angiotensin II in the brain (Fisher -Ferraro et 
al., 1971). These and other studies led to the recognition 
of an autonomous brain renin-angiotensin system that 
has significant actions in cardiovascular regulation and 
several other brain functions (Ganten and Speck, 1978; 
Ganong, 1984; Phillips, 1987). 

The ability of centrally administered Ang II to in- 
crease blood pressure, fluid intake, and vasopressin re- 
lease presaged the existence of specific receptors in the 
brain regions controlling these functions. This was con- 
firmed by the selective effects of Ang II on brain struc- 
tures that influence blood pressure, sympathetic nerve 
activity, drinking behavior, salt appetite, and pituitary 
hormone secretion (Phillips, 1987; Ganong, 1993; 
Wright and Harding, 1994). Effects of angiotensin on 
learning and memory, as well as sensory function, have 
also been observed. The number and scope of these cen- 
tral effects of angiotensin indicate that the renin-angio- 
tensin system has a major role in the regulation of 
neural components that control multiple physiological 
functions. Most of these actions are mediated by AT 1 
receptors, which are expressed in brain regions known 
to be involved in the control of cardiovascular function 
and body fluid homeostasis. 

At the cellular level, direct application of Ang II in- 
creases the firing rate of neurons in the supraoptic nu- 
cleus, subfornical organ, and paraventricular nucleus 
(Nicoll and Baker, 1971; Felix and Akert, 1974; Ambulil 
et al., 1992a,b) as well as in the nucleus tractus soli- 
tarius, dorsal motor nucleus of the vagus, and thalamus. ... 
(Wayner et al., 1973; Felix et al., 1988). In several of 
these studies, the angiotensin II (2-7) heptapeptide 
(Ang III) was found to be as or more effective than Ang 
II, raising the possibility that Ang III may be the cen- 
trally active form of Ang II (Harding et al., 1986). The 
application of topical autoradiography to receptor map- 
ping in. tissue sections revealed that angiotensin II re- 
ceptors are present in many of the brain nuclei and other 
regions that are known to be involved in the central 
regulation of cardiovascular regulation and fluid ho- 
meostasis (Mendelsohn et al., 1984). The distributions of 
Ang II receptors in the brains of several mammalian 
species have been mapped by topical autoradiography 



with radioiodinated ligands, usually 125 I-[Sar 1 ,IIe 8 ]Ang 
II. Specific ATj and AT 2 receptors were identified by 
inhibition of radioligand binding by selective ATj (losar- 
tan) and AT 2 (PD123177) receptor antagonists. The dis- 
tribution of AT X receptor messenger RNA in the rodent 
brain has also been analyzed by in situ hybridization 
using specific riboprobes to detect AT^ and AT 1B recep- 
tor subtypes (Lenkei et al., 1998). Such studies have 
shown that all of the well defined physiological actions of 
Ang II in the brain are mediated by AT X receptors. 

In all species studied, AT, receptors are most abun- 
dant in the hypothalamus and the circumventricular 
organs. In the hypothalamus, AT t receptors are local- 
ized to the parvocellular region of the paraventricular 
nucleus, which has been implicated in the control of 
anterior pituitary hormone secretion, ingestive behav- 
ior, and autonomic regulation of the cardiovascular sys- 
tem. In contrast, AT X receptor expression is low or ab- 
sent in the magnocellular neurons of the 
paraventricular nucleus that control the release of vaso- 
pressin and oxytocin from the neurohypophysis. The 
circumventricular organs, which include the median em- 
inence, arcuate nucleus, SFO, and OVLT, contain high 
densities of AT X receptors. At each of these sites, the 
local deficiency in the blood-brain barrier renders them 
accessible to Ang II and other regulatory ligands in the 
circulation. Together with the interposed median preop- 
tic nucleus, which also contains abundant AT L receptors, 
the SFO and OVLT comprise the lamina terminalis of 
the forebrain. This structure has neural connections 
with the pai-vocellular neurons of the hypothalamus, as 
well as efferent projections to the supraoptic nucleus 
that subserve vasopressin secretion and other osmoreg- 
ulatory responses including sodium excretion and thirst 
(McKmley et al., 1992). 

In contrast to the relatively wide distribution of AT 1A 
receptor expression in the CNS, the AT 1B receptor is not 
detectable in most brain areas. However, AT 1B receptors 
are the predominant subtype expressed in the anterior 
pituitary gland, where they mediate the direct actions of 
Ang II on pituitary function. Both Aug II and Ang III can 
elicit a variety of physiological changes, including pres- 
sor and dipsogenic responses, and increased salt appe- 
tite, when injected into the cerebral ventricles (Wright, 
and Harding, 1992). This is accompanied by increased 
firing of magnocellular neurons in the supraoptic nu- 
cleus (Okuya et al., 1987; Yang et al., 1992). Injection of 
Ang II or Ang III into the supraoptic and paraventricu- 
lar nuclei also stimulates magnocellular neurons, lead- 
ing to the release of vasopressin from the posterior pi- 
tuitary gland (Phillips, 1987). 

2. Ang II-induced Neuronal SignaWig Pathways. 
AT X receptor-mediated signaling pathways in neurons 
are generally similar to those observed in other Ang II 
target cells. In addition to phosphoinositide hydrolysis, 
with formation of InsP 3 and diacylglcerol, elevation of 
i;Ca 2+ ] is and activation PKG, Ang II stimulates the ras/ 
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raf/MAPK cascade and translocation of MAPK into the 
nucleus (Lu et al., 1996). It also increases the expression 
of c-fos, o-jun, and other early response genes. The 
MAPK pathway mediates Ang 11-stimulated norepi- 
nephrine synthesis and reuptake mechanisms in cul- 
tured neurons (Yang et al., 1996). In addition, Ang II- 
induced increases in [Ca 2+ ] i activate calcium/ 
calmodulin protein kinase II, which acts together with 
PKC to mediate the rapid actions of Ang II on neuronal 
membrane currents. These include a PKC-mediated in- 
crease in total neuronal Ca 2+ current (I Ca )> as we ^ as 
PKC- and calcium/calmodulin protein kinase II-medi- 
ated inhibition of delayed rectifier K + current (Kv) and 
transient K + current (I A ) (Zhu et al., 1997a, 1998a). In 
rat supraoptic neurons, ATj. receptors mediate Ang II- 
induced activation of a nonselective Na + /Ca 2+ channel 
that promotes neuronal depolarization (Yang et al., 
1992). Some of these effects of AT X receptor activation in 
neurons, including MAPK activation, are under the in- 
hibitory control of AT 2 receptors via activation of serine/ 
threonine type 2A (PP-2A) (Huang et al., 1996} and 
possibly tyrosine phosphatases such as MAPK phospha- 
tase. 

3. Role of Ang III in the Brain. Ang II is rapidly 
cleared from the circulation with a half-life of 13 s and is 
extensively metabolized in its target tissues to form Ang 
III, Ang IV, and Ang (4-8) (Harding et al., 1986; De 
Silva et al., 1988). Although the Ang II oetapeptide is the 
major active species acting at AT X receptors in periph- 
eral Ang IE target tissues, the possibility that Ang III 
could be the predominant effector peptide in the brain 
has been recognized for several decades. This was first 
suggested by the observation that Ang III was twice as 
effective as Ang II in stimulating the firing rat of SFO 
neurons (Felix and Schlegel, 1978). This finding, and 
similar observations in paraventricular nucleus neu- 
rons, led to the suggestion that Ang III could be the 
centrally active form of Ang II (Harding et al., 1986). 
This proposal gained support from studies using nonse- 
lective aminopeptidase inhibitors such as bestatin, 
which increased the half-lives of Ang II and Ang III in 
the brain and potentiated the stimulatory action of Ang 
II and Ang III on paraventricular neurons (Harding and 
Felix, 1987). 

The recent development of specific inhibitors of ami- 
nopeptidase A (APA) and aminopeptidase N (APN), 
which hydrolyze the N-terminal residues of Ang n and 
Ang III, respectively, has facilitated the investigation of 
the roles of Ang II and Ang III in the brain. The effects 
of i.c.v. administration of these compounds indicated 
that the central action of Ang II on vasopressin release 
in mice depends on its prior conversion to Ang III, con- 
firming that Ang HI acts as a major effector peptide of 
the renin-angiotensin system in the brain (Zini et al., 
1996). Furthermore, the ability of centrally adminis- 
tered Ang II to stimulate the firing rate of magnocellular 
vasopressinergic neurons of the supraoptic nucleus 



(SON) of the rat was prevented by central administra- 
tion of the selective APA inhibitor, EC33. Since the SON 
does not contain AT X receptors, this effect of EC33 pre- 
sumably results from its inhibition of APA in the sub- 
fornical organ, from which Ang II-sensitive neurons 
project to the SON (Zini et al., 1998). 

Recent studies on the effects of selective APA and 
APN inhibitors on blood pressure in the rat have indi- 
cated that Ang ni is also the main effector peptide of the 
brain RAS in the regulation of blood pressure (Reaux et 
al., 1999). Central inhibition of APA by EC33 not only 
blocked the pressor action of Ang II but also caused a fall 
in basal blood pressure comparable to that caused by 
i.c.v. aciministration of losartan., indicating a require- 
ment for Ang in in the tonic regulation of blood pres- 
sure. Furthermore, the inhibition of APN activity by 
PC 18 caused an increase in blood pressure that was 
blocked by losartan. This suggests that inhibition of Ang 
in degradation by PC 18 causes an increase in Ang III 
levels that elevates blood pressure through an action on 
ATi receptors. These observations indicate the potential 
applications of APA inhibitors as centrally acting com- 
pounds in the management of hypertension. 

These observations raise the question of whether the 
central actions of Ang III are mediated by an as yet 
unidentified AT^type receptor with higher affinity for 
Ang III over Ang II. This seems unlikely in view of the 
probability that such a receptor with similarity to the 
AT X site would have been detected during isolation and 
cloning of the AT t and AT 2 subtypes. The alternative 
proposal, that blockade of the conversion of Ang n to 
Ang EH by APA favors the activation of other Ang II- 
degrading pathways, appears to be a more likely expla- 
nation. 

4. The ATj Receptor and the Pituitary Gland. The 
presence of Ang H receptors in the anterior pituitary 
gland was suggested by early reports of actions of the 
oetapeptide on pituitary hormone secretion (Steele et al., 
1981). This was later confirmed by binding studies with 
125 I-Ang II, which demonstrated specific, high-affinity 
binding sites in the anterior pituitary glands of rat, 
rabbit, and dogs. No receptors were found in the poste- 
rior pituitary gland or in GH3 pituitary tumor cells 
(Hauger et al., 1982; Mukherjee et al., 1982). The sites 
were nanomolar affinity, and bound the heptapeptide 
des-Asp 1 -Ang II with about one-tenth the affinity of the 
oetapeptide. Ang II and the heptapeptide showed a sim- 
ilar potency ratio in their ability to stimulate ACTH 
release from pituitary cells (Capponi et al., 1982). Frac- 
tionation of rat pituitary cells revealed that Ang n re- 
ceptors were associated with lactotrophs and stimulated 
prolactin as well as ACTH release. These fmdings sug- 
gested that Ang II contributes to the physiological con- 
trol of prolactin secretion (Aguilera et al., 1982). 

The stimiilatory action of Aug II on prolactin produc- 
tion by pituitary lactotrophs is mediated by the AT X 
receptor, which is coupled to phosphoinositide hydroly- 
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sis and PKC activation, and also affects cyclic AMP 
production (Audinot et al., 1991). In addition to these 
stimulator actions, Ang II also exerts AT r mediated 
inhibitory actions on adenylyl cyclase activity in pitu- 
itary cell membranes. In intact cells, blockade of ATj 
receptors by losartan prevented ATj-induced prolactin 
release, as well as the phospholipase C and PKC-depen- 
dent increase in cyclic AMP production (Moreau et al., 
1994). During development the responsiveness of rat 
pituitary lactotrophs to Ang II increases with age, and 
by 28 days was more prominent in female than in male 
rats (Diaz-Torga et al., 1994). The ability of the hypo- 
thalamic GnRH to stimulate prolactin release in peri- 
fused pituitary cells, but not gonadotropin release, was 
abolished by losartan, consistent with a paracrine role of 
Ang II in GnRH-stimulated prolactin release (Becu-Vil- 
lalobos et al., 1994). Interestingly, the ability of Ang II to 
stimulate prolactin release from cultured pituitary cells 
from animals fed on an essential fatty acid-free diet was 
markedly decreased, although the stimulatory action of 
thyrotropin-releasing hormone, and the inhibitory ac- 
tion of dopamine were not affected (Alessio et al., 1994). 

Ang II also increases the proliferation of cultured 
mammatrophs, and this effect is suppressed by tamox- 
ifen and restored by estradiol-17/3. Treatment with the 
peptide Ang II antagonist, saralasin, inhibited not only 
the Ang II-stimulated proliferative response but also 
that of GnRH, again indicating that GnRH-stimulated 
release of Ang II, together with estradiol, regulates lac- 
totroph proliferation in the rat pituitary gland (Shinkai 
and Ooka, 1995). The stimulatory action of Ang II on 
prolactin release was associated with a rapid increase in 
intracellular calcium concentration that was abolished 
by losartan. However, in the same report no increase in 
[ 3 H]thymidine incorporation was observed (Diaz-Torga 
et al., 1998). An analysis of the distribution of the AT X 
receptor subtypes in the rat anterior pituitary gland, 
which expresses predominantly (80%) AT 1B receptors, 
revealed that the majority of the AT 1D receptor-express- 
ing cells are lactotrophs, and the remainder are cortico- 
trophs. In adult male rats, AT 1B receptors are located in 
about 50% of the pituitary lactotrophs and about 25% of 
the corticotropins. These findings suggest that Ang n 
synthesized in gonadotrophs can directly stimulate pro- 
lactin and ACTH release from lactotrophs or cortico- 
trophs through activation of AT 1B receptors (Lenkei et 
al., 1999). This AT 1B -mediated paracrine mechanism in 
the pituitary gland is subsidiary to its endocrine regu- 
lation by AT^-mediated changes in the hypothalamic 
production of releasing hormones and neurotransmit- 
ters including dopamine and catecholamines (Denef, 
1986; Ganong, 1993). 

5. The AT] Receptor and the Heart. The role of the 
renin-angiotensin system in cardiovascular control and 
body water homeostasis is well documented (reviewed in 
Saavedra, 1992; Wright and Harding, 1994, 1997; Hohle 



et al., 1995; Mosimann et al., 1996; Unger et al., 1996). 
Ang II acts primarily at the ATj receptor type in a 
variety of tissues including vascular smooth muscle, kid- 
ney, and adrenal gland to influence vasoconstriction and 
sodium reabsorption. Furthermore, it is known that Ang 
II acts locally within cardiac tissues to influence protein 
synthesis and cellular growth (Baker and Aceto, 1990; 
Lindpainter and Ganten, 1991; Baker et al., 1992; 
Dostal and Baker, 1992; Dostal etal., 1992, 1996). There 
is accumulating evidence that the ATj receptor may be 
involved in the development of cardiac hypertrophy via 
the regulation of extracellular matrix accumulation 
(Weber and Brilla, 1991; Weber et al., 1993, 1995a,b; 
Brilla et al., 1993, 1995b). Specifically, cardiac fibroblast 
stimulation appears to facilitate the accumulation of 
collagen in the extracellular matrix of the heart (Brilla 
et al., 1995a). Furthermore, Ang II appears to block 
MMP-1 activity, an enzyme directly involved in the deg- 
radation of fibrillar collagen. Thus, interference with 
MMP-1 results in a proliferation of extracellular matrix. 
Ang II-induced hypertrophy in cardiac myocytes and 
vascular smooth muscle cells follows the pattern of an 
initial increase in protein synthesis and cell size without 
an elevation in numbers of cells (Geisterfer et al., 1988; 
Berk et al., 1989). After prolonged exposure to Ang II, 
mitogenic changes were also observed (Weber et al., 
1994). The ability of ACE inhibitors and AT ± receptor 
antagonists to prevent the onset of cardiac hypertrophy 
in animal models (Zhu et al., 1997b), and to promote its 
regression m hypertensive patients (Thurmann et al., 
1998), has also demonstrated the role of AT a receptors in 
ventricular hypertrophy. These agents also prevent the 
onset of ventricular dilatation in rats after myocardial 
infarction by suppressing the expression of gene expres- 
sion (ANF, /3-myosin heavy chain, collagen) associated 
with cardiac remodeling (Yoshiyama et al., 1999). To 
determine whether this effect results from inhibition of 
the direct action of angiotensin on the heart, or reduc- 
tion of pressure overload, Paradis et al. (2000) created 
transgenic mice over-expressing the ATj receptor in car- 
diac myocytes. These animals spontaneously developed 
cardiac hypertrophy and remodeling, with increased ex- 
pression of cardiac ANF and interstitial collagen depo- 
sition. They showed no change in heart rate or blood 
pressure, but died of heart failure at an early age. These 
findings indicate that the AT 2 receptor mediates the 
direct actions of Ang II in the development of ventricular 
hypertrophy and heart failure. However, it should be 
noted that some of the beneficial effects of ACE inhibi- 
tors and AT X antagonists on cardiac function could re- 
sult from activation of B 2 kinin and AT 2 receptor-depen- 
dent pathways that modulate myocyte contractility and 
growth (Wollert and Drexler, 1999). The role of the bra- 
dykinin B 2 receptor remains, however, disputed (Mad- 
eddu et al., 2000). 
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in. The Type 2 (AT 2 ) Angiotensin Receptor 

Whereas differential stability to dithiothreitol (Chang 
et al., 19S2; Gunther, 1984; Chin 1989b; Speth et al., 
1991) suggested the presence of more than a single form 
of angiotensin H binding or receptor site (Chiu et al., 
1989a; Whitebread et al., 1989; Chang and Lotti, 1990), 
cloning and expression of the receptor types AT X (Mur- 
phy et al., 1991; Sasaki et al., 1991) and AT 2 (Kamba- 
yashi et al., 1993b; Mukoyama et al., 1993) provided 
clear evidence for the presence of the second isoform, 
AT 2 . The identification and characterization of the bio- 
chemical and physiological functions of the AT 2 receptor 
is still a matter of intense research. 

A. Cloning, Purification, and Properties of the AT 2 
Receptor 

The AT 2 receptor is clearly distinct from the AT t re- 
ceptor in tissue-specific expression, signaling mecha- 
nisms, and diversity in molecular weight. In the early 
phase of AT 2 receptor research it was suspected that the 
AT 2 receptor may not even be a G protein-coupled seven 
transmembrane domain receptor (Eottari et al., 1991). 
Clearly, its structure had to be determined by cloning 
and purification. Whether it was a single entity or had 
related isoforms was not apparent in the beginning. 
Undoubtedly, more fundamental studies were needed, 



which should be based on the cloning of the AT 2 cDNA 
and purification of the AT 2 receptor. 

There are cell lines expressing the AT 2 but not the 
AT 1 ! receptor, such as PC12W, R3T3, and some lines of 
N1E-115. Fetal rats express a large amount of the AT 2 
receptor protein and its mRNA. However, the cloning of 
the AT 2 receptor turned out to be difficult. Attempts to 
screen cDNA libraries with ATi cDNA as a probe did not 
work, indicating a lack of homology between the AT t and 
AT 2 receptor gene. Thus, the expression cloning method 
had to be used. For some unknown reason, cDNA de- 
tected by autoradiographic identification of transfected 
COS-7 cells presumably expressing AT 2 mRNA could 
not be recovered from these cells. After several technical 
refinements, a 4.5-kb rat AT 2 cDNA was cloned from rat 
PC12W cells by Kambayashi et al. (1993b), and from rat 
fetuses by Nakajima et al. (1993). It contained seven 
hydrophobic sequences compatible with the structural 
theme of the seven transmembrane domain receptors 
super family (or GPCR) (see Fig. 5) but showed only a 
32% amino acid sequence identity with the rat AT ± re- 
ceptor. 

Since targeted gene deletion can be performed only in 
the mouse, Ichiki et al. (1994) and Nakajima et al. (1993) 
cloned mouse AT 2 cDNA from a fetal mouse cDNA li- 
brary by a plaque hybridization method using rat AT 2 
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cDNA as a probe. A mouse AT 2 genomic 4.4-kb DNA 
fragment was cloned by IchiM et al. (1994) and Koike et 
aL (1994). Since these studies show that the entire cod- 
ing sequence is contained in one exon, the human AT 2 
coding sequence (Tsuzuki et al., 1994) or fragments con- 
taining more extensive sequences could be cloned (Mar- 
tin et al., 1994; Koike et al., 1994). The genomic DNA of 
all three species consist of three exons with an uninter- 
rupted coding region being confined to the third exon. 
The genes encoding the AT 2 receptor are localized in 
human chromosome Xq22-q2, rat chromosome Xq3, and 
mouse chromosome X (Koike et al., 1994; Hein et aL, 
1995b; Tissir et al., 1995). The localization in the long 
arm of the X chromosome throughout species may have 
important implications in targeted gene deletion as well 
as in the genetics of the AT 2 receptor gene. 

The open reading frame of AT 2 cDNA encodes 363 
amino acid residues in all three species with 99% se- 
quence identity between rat and mouse and 72% identity 
between rat and human. The divergence between rodent 
and human AT 2 occurs mainly in the N-terminal region. 
AT 1 and AT 2 receptors have only 33 to 24% amino acid 
sequence identity (Kambayashi et al., 1993b; Nakajima 
et al., 1993). The homology was mainly localized in the 
transmembrane hydrophobic domains, which are be- 
lieved to form seven transmembrane helical columns. 
Residues located in these helical column domains and 
considered to be essential for Ang II binding to the AT X 
receptor are also preserved in the AT 2 receptor. These 
include Lys 11B (Lys 102 of ATj) at the top of TM3, Arg 183 
(Arg 167 of ATj) at the top of TM4 and Lys 216 (Lys 199 of 
ATj) and more. 

Almost complete divergence between AT X and AT 2 
receptors is seen in the third intracellular loop and more 
extensive differences in the carboxyl terminal tail (C- 
tail). The amino acid sequence of the rat AT 2 receptor 
indicates that it has five potential JV-glycosylation sites 
with the consensus amino acid sequences -Asn-X-Ser/ 
Thr. It is possible that carbohydrate chains would give 
rise to increased and diverse molecular weights of the 
AT 2 receptor. Southern hybridization analysis of restric- 
tion enzyme fragments of rat genomic DNA using rat 
AT 2 cDNA as a probe did not produce evidence for a 
subtype of the AT 2 receptor, Thus, the molecular weight 
divergence for the AT 2 receptor ranging from 60 to 140 
kDa may be due to a difference in the extent of glycosyl- 
ation, as shown by Servant et al. (1994). 

An earlier discriminator of the AT 1 and AT 2 receptors, 
before the isoform-speciftc antagonist became available, 
was the reducing agent dithiothreitol (DTT). The DTT 
sensitive Ang II receptor turned out to be the AT X recep- 
tor, whereas DTT increased the ligand binding capabil- 
ity of the AT 2 receptor and the AT 2 receptor remained 
stable for hours (Chang, Lotti, Keegan, 19S2; White- 
bread et al., 1989; Chang and Lotti, 1990; Speth et ah, 
1991). This property was exploited for the direct purifi- 
cation of the AT 2 receptor protein (see below). Another 



discriminator is Sar-j9-benzoylphenylalanine 8 -angioten- 
sin II, which can be used for selective labeling of AT 2 by 
a photpaffmrty technique. Although it binds to the bo- 
vine adrenal AT 2 receptor with a2sT d value of 6.5 nM and 
human myometrium with a K d value of 0.39 nM, its 
covalent binding upon illumination takes place only 
with the AT 2 receptor (Bosse et al., 1990). The selective 
labeling of the AT 2 receptor is in contrast to another 
photoaffiniiy labeling peptide, Sar x -D-azido Phe s -Ang II, 
which is specific for the A r T I receptor (Guillemette et al., 
1986). The 125 I-radiolabeled peptide was used to visual- 
ize AT 2 receptors in various cells to determine their 
molecular sizes by SDS gel electrophoresis. Cells known 
to contain the AT 2 receptor produced radiolabeled AT 2 
receptor bands of 68 kDa (human uterine myometrium), 
91 kDa (R3T3 cells), and 113 kDa (PC12 cells). However, 
endoglycosydase treatment reduced the niyometrial 68- 
kDa receptor to 40- and 31-kDa proteins, the 91-kDa 
R3T3 receptor was reduced to 46- and 31-kDa and the 
113-kDa PC12 AT 2 receptor to 55 and 31 kDa. These 
results may involve artifacts of proteolytic digestion. 
More decisive evidence for glycosylation diversity came 
from the inhibition of iV-glycosylation by treatment of 
rat PC12 cells with tunicamycin (Servant et al., 1996). 
The 140-kDa AT 2 receptor in untreated PC12 cells was 
reduced to 63- and 47-kDa glycosylated and 32-kDa un- 
glycosylated receptors. An interesting byproduct of these 
studies is the observation of nonglycosylated receptor 
expression on the cell surface. 

The structural diversity of the AT 2 receptor is still a 
complex and unresolved issue. Attempts have been 
made to purify the AT 2 receptor protein (Ciuffo et al., 
1993a) by combining affinity chromatography on 
CGP42112-Sepharose and size separation hy gel filtra- 
tion and SDS gel electrophoresis from AT 2 solubilized by 
CHAPS from neonatal rat kidney which had a 71-kDa 
molecular mass. The murine neuroblastoma cell line 
N1E-115 cell line contains both AT X and AT 2 receptors. 
The latter increases upon cellular differentiation. Ang II 
receptors were solubilized from membranes by the de- 
tergent CHAPS {!%). The labile AT X receptor could be 
removed by denaturation and the AT 2 receptor was af- 
finity purified on an Ang II-Sepharose affinity column by 
Siemens et al. (1991). They found that the AT 2 receptor 
from N1E 115 can be separated to two different forms, 
peak I and peak III, by a Sepharose column chromatog- 
raphy. Peak III seemed to be an AT 2 receptor whose 
ligand binding activity is enhanced by the reducing 
agent DTT, but the stable GTP analog, GTP7S, did not 
suppress the binding. Ligand binding to a receptor un- 
der peak I was clearly reduced by GTP7S, but treatment 
with DTT reduced the ligand binding function (Siemens 
et al., 1994b). The peak I components consisted of two 
proteins 110 and 60 kDa. It has been proposed that the 
110 kDa is a dimer of 60 kDa that is stabilized by the 
agonist (Yee et aL, 1994). Interestingly, stabilization of 
the AT 2 receptor on the cell membrane of R3T3 cells by 
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an as yet undefined endogenous ligandj which is not 
identical with Aug II, has recently been described by 
Csikos et al. (1998). 

B. Regulation of the AT 2 Receptor 

The AT 2 receptor gene is expressed ubiquitously at a 
very high level in the fetus and it declines precipitously 
after birth in many but not all tissues. In the skin, for 
instance, it decreases to undetectable levels, but in cer- 
tain tissues such as the adrenal and heart, the decline 
stops at certain levels, and AT 2 receptor expression per- 
sists for the remainder of life. In uterine myometrium, 
the AT 2 receptor is expressed under nonpregnant condi- 
tions and declines during pregnancy, but returns to non- 
pregnant levels after parturition (de Gasparo et al., 
1994). These few examples demonstrate clearly that the 
AT 2 receptor expression is regulated. Theoretically, such 
regulatory changes may be controlled by transcription 
and/or by changing the stability of mRNA. 

Post-transcriptional (translational) regulation also 
seems to take place. After confhiency, the AT 2 binding 
sites increase in R3T3 cells without an increase in 
mRNA (Dudley et al., 1991), whereas mRNA is low in 
the growth phase and increases in the preconfment 
state. The AT 2 receptor in these cells may signal to 
activate protein phdsphotyrosine phosphatases (PTP), 
which inactivates mitotic or hypertrophic growth. Tele- 
ologically, its activity should then be expressed more or 
less constantly in normal nongrowing cells. That this 
receptor lacks an internalization and desensitization 
mechanism is compatible with its role to maintain dif- 
ferentiated cells in a quiescent state (Unger, 1999). 

Attempts to investigate the transcriptional regulation 
have begun. AT 2 genomic DNA have been cloned from 
mouse (Nakajima et al., 1993; Ichiki et al., 1994) and 
humans (Koike et al., 1994). The behavior of the AT 2 
receptor gene expression in rat vascular smooth muscle 
cells from the spontaneously hypertensive (SHR) and 
Wistar Kyoto or Sprague-Dawley rats are markedly dif- 
ferent. This finding is in line with the observation that 
AT 2 receptor binding in endothelial cells from SHR is 
markedly higher than in those from Wistar Kyoto rats 
(Unger, 1999). The S'-flanking region of rat genomic 
DNA was also cloned to determine its functional ele- 
ments (Ichiki and Inagami, 1995a). 

The expression of the AT 2 receptor was shown to be 
dependent on growth factors or growth states. In mouse 
R3T3 cells, AT 2 mRNA is expressed when growth is 
arrested in the confluent state and is decreased in the 
vigorous growth phase (Dudley et al., 1991; Dudley and 
Summerfeldt, 1993). Prolonged serum depletion in the 
presence of insulin or IGF-1 stimulates the expression of 
AT 2 receptor in vascular smooth muscle cells, whereas 
serum growth factors, like PDGF, lysophospatidic acid, 
and phorbol ester rapidly abolished AT 2 receptor expres- 
sion (Kambayasbi et al., 1993a, 1996). Similar observa- 
tions with respect to IGF-1 as well as interleukin-10 
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(IL-ljS) were made in R3T3 fibroblast cells (Ichiki et al., 
1995; Kambayashi et al., 1996). In contrast, growth fac- 
tors (phorbol ester, lysophosphatidic acid, and basic fi- 
broblast growth factor) markedly suppressed mouse AT 2 
mRNA expression in the fibroblast cells but did not 
completely eliminate it as they did in vascular smooth 
muscle cells (Ichiki et al., 1995a,b, 1996). 

The transcriptional activity of the 5'-fl ankm g region 
of the mouse AT 2 receptor gene was investigated further 
by using constructs consisting of truncated 5'-flanking 
sequences (up to 1.2 kb) fused to the luciferase gene in 
R3T3 cells. An AP-1 site may transmit the suppressive 
effects of noninsulin growth factors. Thus, PKC-activat- 
ing growth factors and phorbol esters rapidly down- 
regulate the AT 2 receptor expression (Kambayashi et 
al., 1993a; Kizima et al., 1996). The C/EBP site may 
mediate the positive transcription effect of IL-1/3 as it 
stimulates the expression of C/EBP/3 and y (Ichiki and 
Inagami, 1995a,b, 1996). 

AT 2 receptor expression by insulin or IGF-1 is inter- 
esting in that the process has a very slow onset, taking 
several days. A putative insulin response sequence (IRS) 
is located at -126 to -117 of the 5'-flanking region of 
the rat AT 2 receptor gene. This sequence TAATGTTTTG 
is 80% homologous to the IRS in the phosphoenolpyru- 
vate carboxykinase gene TGGTGTTTTG (O'Brien and 
Granner, 1991). An interesting aspect of the effect of 
insulin is that the aorta of obese (fa/fa) Zucker rats, 
which have about 10 times higher plasma insulin con- 
centrations than Sprague-Dawley rats, expresses AT 2 
mRNA at a level clearly detectable by Northern blotting, 
whereas it was not detectable by the Northern blotting 
in the aorta of Sprague-Dawley rats (Kambayashi et al., 
1996). 

In these studies, an enhancer activity of the AP-1, 
C/EBP, NF/IL-6, rRS was not examined rigorously. Ho- 
riuchi et al. (1995) demonstrated by elegant methods 
that interferon regulatory factor IRF-2 attenuated AT 2 
receptor expression, both in the confluent and growing 
cells, whereas IRF-1 enhanced AT 2 expression in conflu- 
ent cells only. Several IRF binding motifs were found in 
the promoter in positions between -453 and -225. 
Whether these elements alone account for up-regulation 
is not yet known. Tissue-specific expression and wide- 
spread low level expression of the AT 2 receptor rather 
point to complex mechanisms of AT 2 receptor regulation. 

C. AT 2 Receptor Diversity 

Although the AT 2 receptor was cloned and purified, 
there remains a nagging question as to whether the AT 2 
receptor is a single entity, because there is evidence for 
divergence in the molecular and ftinctional properties 
(Siemens et al., 1994a). As discussed above, the large 
disparity of molecular size was attributed to a difference 
in the size of carbohydrate structure (Servant et al., 
1994) but it could be also due to dimerization or oli- 
gomerization (Yee et al., 1994). Although DTT enhances 
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ligand binding of the AT 2 receptor in most tissues inves- 
tigated, in some this is not the case (Tsutsumi and 
Saavedra, 1992b). Most intriguing is the observation 
that agonist binding of typical AT 2 receptors, including 
those that had been cloned and expressed, is not sup- 
pressed by GTPyS, or pertussis toxin. Some AT 3 recep- 
tors in rat locus ceruleus and thalamic or geniculate 
nuclei are markedly affected by these reagents, which 
affect the heterotrimeric G proteins, G t and G a . On the 
other hand, GTP-yS has no effect on the AT 2 receptor in 
R3T3 cells or the inferior olive (Table 3). The lack of 
effect has also been seen in other cells expressing the 
AT 2 receptor (Tsutsumi and Saavedra, 1991). Moreover, 
AT 2 mRNA was not detected by in situ hybridization 
using a sequence of the cloned AT 2 receptor as an anti- 
sense oligonucleotide probe (Johren et al., 1996). The 
question as to whether diversity in the functional prop- 
erties of the AT 2 receptor in different types of cells and 
tissues is due to another molecular species, or to addi- 
tional factors associated with it, may be addressed by 
investigating various modes of the signal transduction 
mechanism of the AT 2 receptor associated with the mo- 
lecular diversity. 

D. Targeted AT 2 Receptor Gene Overexpression and 
Deletion 

The use of AT 2 receptor antagonists has provided ev- 
idence for a variety of functions of the AT 2 receptor in 
several different types of cells and tissues including 
cardiovascular, renal, adrenal, central nervous, as well 
as dermal mesenchymal systems. Gene manipulation to 
increase, decrease, or abolish the expression of a gene in 
question are effective approaches to assess the patho- 
physiological roles of the gene or its product. Transgenic 
transfection of AT 2 receptor expression vectors into 
COS-7 cells (Kambayashi et al., 1993b; Mukoyama et al., 
1993), and vascular smooth muscle in vivo (Nakajima et 
al., 1995) in "gain of function" approach have proven to 
be efficient methods. "Whereas cardiac targeted overex- 
pression of the AT 2 receptor in mice did not cause obvi- 
ous morphological or functional changes, Ang II infusion 
paradoxically decreased blood pressure and produced a 
negative chronotropic effect (Masaki et al., 1998). More- 
over Tsutsumi et al. (1999) reported stimulation of bra- 
dykinin activity and nitric oxide production in AT 2 
transgenic mice following inhibition of the Na + /H + ex- 
changer. 



The targeted gene deletion (AT 2 knockout mouse or 
AT 2 null mouse) method produced a very interesting 
strain of mice (Hein et al., 1995a; Ichiki et al., 1995a), In 
contrast to the hypertension and impaired vascular re- 
sponses observed in ATi-deficient mice, knockout of the 
AT 2 receptor leads to elevation of blood pressure and 
increased vascular sensitivity to Ang II (Hein et al., 
1995a; Ichiki et al., 1995). This has suggested that the 
AT 2 receptor may exert a protective action in blood pres- 
sure regulation by counteracting AT, receptor function. 
Such an action could be exerted in part by reduced 
expression of the AT a receptor, which is increased in the 
vascular smooth muscle of AT 2 -deficient mice (Tanaka 
et al., 1999). However, the sustained hypersensitivity to 
Ang II in such animals is also attributable to loss of the 
counter-regulatory action of renal bradykinin and cyclic 
GMP formation (an index of NO production) (Siragy et 
al., 1999). The relative contributions of these two factors 
to AT 2 -dependent vascular regulation, and the extent to 
which AT 2 receptor deficiency could contribute to sus- 
tained blood pressure elevation, as in human hyperten- 
sion, have yet to be determined. 

The AT 2 receptor null mouse Agtr2(— /— ) also showed 
behavioral changes and proclivity to have renal dis- 
eases. However, despite its massive expression in the 
mesenchymal tissues of skin, kidney, as well as in the 
brain and heart in fetal stages of development, the AT 2 
receptor null mouse does not show discernible gross 
anatomical defects or deformity to date. The early fetal 
form of the kidney mesonephros is programmed to dis- 
appear during the fetal development. Its tubular tissue 
is densely surrounded by mesenchymal cells expressing 
AT 2 mRNA (Kakuchi et al., 1995). However, its disap- 
pearance also takes place in the fetus of the AT 2 receptor 
null mouse. The medulla of the metanephros is also 
filled with AT 2 receptor-expressing mesenchymal cells, 
which undergo apoptosis as tubulogenesis proceeds 
(Kakuchi et al., 1995). Again, kidney formation in the 
AT 2 receptor null mice takes place normally and new- 
born mice grew to adult mice with a normal pair of 
kidneys (Ichiki et al., 1995b). These studies with AT 2 
receptor gene deleted mice indicate that the AT 2 recep- 
tor is not essential for apoptosis in nephrogenesis. 

Functionally, the AT 2 receptor seems to exert a hypo- "" 
tensive effect — although this function is still discussed 
controversially — and to blunt the sensitivity of A^ re- 
ceptors to Ang H. Its role in the regulation of cardiac, 
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renal, and adrenal function is still under investigation. 
As for the renal function, the role of the AT 2 receptor as 
a regulator (or modulator) of pressure natriuresis is still 
controversial (Keiser et al., 1992; Lo et al., 1995; Siragy 
and Carey, 1996). Whereas studies with AT 2 receptor 
agonists or antagonists in intact rats suggested an an- 
tidiuretic and antinatriuretic effect of the AT 2 receptor, 
results in AT 2 receptor knockout mice showed the oppo- 
site effects (Siragy et al., 1999). 

• Although AT 2 receptor null mice did not produce gross 
morphological abnormalities, vascular differentiation 
driving the expression of the constituents of the contrac- 
tile apparatus was altered. The expression of h-caldes- 
mon and calponin are delayed in the aorta, suggesting 
that the AT 2 receptor enhances the differentiation of 
vascular smooth muscle cells and is involved in vascu- 
logenesis (Yamada et al., 1999). In addition, more de- 
tailed studies with a larger population of AT 2 receptor 
null mice are producing exciting evidence that a loss of 
the AT 2 receptor in the AT 2 null mice results in the 
development of congenital urinary tract anomalies with 
a 23% penetrance. 

1. Behavioral Changes in AT 2 Receptor Null Mice. In 
the brain, the AT 2 receptor is expressed in distinct areas 
(Obermtdler et al., 1991), prominently in the locus cer- 
uleus (Eowe et al., 1990a,b; Saavedra, 1992). The locus 
ceruleus contains a high concentration of noradrenergic 
nerve endings that release norepinephrine upon treat- 
ment with Ang II (Snmners and Phillips, 1983) and 
sends out long noradrenergic projections to the cerebral 
cortex, hypothalamus, and hippocampus. The AT 2 recep- 
tor is also expressed in the central amygdaloid nucleus 
(Song et al., 1992), and/or medial amygdaloid nucleus 
(Saavedra, 1992). Loss of the AT 2 receptor in these areas 
could entail behavioral effects. 

AT 2 receptor null mice showed a markedly reduced 
exploratory behavior when placed in a new environment 
with ambulation reduced by 40% (Hein et al., 1995a; 
Ichiki et al., 1995). After water deprivation, AT 2 null 
mice show a greater stimulation of dipsogenesis (Hein et 
al., 1995a). 

E. Signaling Mechanisms of the AT 2 Receptor 

Studies on hormone receptor signaling mechanisms 
are aimed at explaining cellular and physiologic re- 
sponses by intracellular biochemical processes. As Nah- 
mias and Strosberg (1995) point out, the search for ma- 
jor physiologic functions of the AT 2 receptor is 
progressing and several interesting clues are at hand. 
The AT 2 receptor seems to open a delayed rectifier po- 
tassium channel at least in hypothalamic neuronal tis- 
sues (Kang et al., 1994, 1995), to close a T-type Ca + 
channel (Buisson et al., 1992, 1995), to suppress tissue 
and cellular growth (Nakajima et al., 1995; Meffert et 
al., 1996; Munzenmaier and Green, 1996; Stoll et al., 
1995; Tsuzuki et al., 1996ajb), to induce (neuronal) cell 
differentiation (Laflarmne et al., 1996; Meffert et al., 
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1996; Gallinat et al:, 1997; Stroth et al, 1998; C6te et al., 
1999; Gendron et al., 1999) and to support apoptosis 
(Yamada et al., 1996; Chamoux et al., 1999; Gallinat et 
al., 1999). In addition, the AT 2 receptor may exert hy- 
potensive effects (Scheuer and Perrone, 1993; Ichiki et 
al., 1995) and appears to influence behavior (Hein et al., 
1995a; Ichiki et al., 1995). 

The consensus among investigators working with cells 
expressing the AT 2 receptor exclusively without the AT X 
receptor, such as R3T3 (Dudley et al., 1990, 1991), 
PC12W (Bottari et al., 1991, 1992; Leung et al., 1992; 
Webb et al., 1992), ovarian granulosa cells (Pucell et al., 
1991), and COS-7 cells expressing cloned AT 2 cDNA 
(Kambayashi e t al., 1993b; Mukoyama et al., 1993) is 
that the AT 2 receptor does not modulate cytosolic Ca + 
or cyclic AMP, which are sensitive indicators of the 
heterotrimeric G q protein-coupled phospholipase C/3 ac- 
tivation and G s or Gi-coupled activation or inhibition of 
adenylyl cyclase, respectively. Furthermore, agonist 
binding did not induce receptor internalization (Dudley 
et al., 1991; Csikos et al., 1998), nor did treatment of 
plasma membrane with stable GTP analogs (e.g., 
GTP7S or GDP-NH-P) result in a decrease of ligand 
binding. Heterotrimeric G proteins show a binding of a 
stable analog of GTP upon stimulation by agonist to 
their respective receptor. Stimulation of the AT 2 recep- 
tor in membranes from human myometrium, bovine cer- 
ebellar cortex, and rat adrenal glomerulosa did not re- 
sult in an increase in the binding of [ 35 S]GTPyS (Bottari 
et al., 1991). These findings, obtained before the molec- 
ular structure of the AT 2 receptor had been disclosed, 
led the authors to propose that the AT 2 receptor was not 
coupled to a heterotrimeric G protein since the above are 
general criteria for the family of G protein-coupled re- 
ceptors. Thus, even though the AT 2 receptor, as we know 
today, has basic structural features commonly shared by 
GPCR (seven transmembrane domain receptors), it did 
not reveal any functional features ascribable to this 
class of receptors. 

An elaborate study on the binding of the AT 2 labeled 
with 125 I-Sar 1 -Ang II indicated that the AT 2 receptor 
binds to G ia2 or G ia3 (Zhang and Pratt, 1996). However, 
the mode of interaction may be somewhat different from 
those seen with other G r coupling receptors. 

There is evidence that the AT 2 receptor inhibits the 
G q -coupled phospholipase C activation by the ATj recep- 
tor. Wounded rat skin expresses both AT X and AT 2 re- 
ceptors (Kimura et al., 1992; Viswanathan and Saave- 
dra, 1992). When rat skin slices are incubated with Ang 
II (10 _7 -10 _4: M), the production of inositol-monophos- 
phate is stimulated and is abolished by losartan. The 
AT X receptor-mediated inositol monophosphate produc- 
tion is markedly potentiated by the AT 2 antagonist 
PD123319 at 10" s M (Gyurko et al., 1992). Although the 
results were obtained at high concentrations of Ang II 
and AT 2 antagonist, these observations indicate that 
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AT 2 receptor could negatively modulate the AT\ recep- 
tor-mediated phospholipase C activation. 

The effect of Ang II on cGMP in AT 2 receptor-express- 
ing cells has been controversial (Dudley et al., 1991; 
Sumners et al., 1991; Sumners and Myers, 1991; Bottari 
et al., 1992; Leung et al., 1992; Webb et al., 1992; Bre- 
chler et al., 1993; Kambayashi et aL, 1993b; Reagan et 
al., 1993b; Israel et al., 1995). The reason for this dis- 
crepancy is not yet clear. More recent in vivo studies on 
the effect of the AT 2 receptor in the kidney indicate that 
the stimulation of the AT 2 receptor increases renal med- 
ullary and cortical interstitial cGMP by a bradykinin- 
dependent mechanism (Siragy and Carey, 1996, 
1997a,b; Siragy et al., 2000). Similar observations were 
made by Golke et al. (1998) in the aorta of stroke prone 
SHR infused with Ang II, and some therapeutic effects of 
AT 2 receptor blockade are clearly mediated by the AT 2 
receptor and kinin stimulation (Liu et al., 1997). Mice 
overexpressing the AT 2 receptor have confirmed these 
findings (Tsutsumi et al., 1999). Thus, the signaling 
mechanisms of the AT 2 receptor have been less clearly 
defined as yet compared with those of the AT,^ receptor. 
In addition to the above-mentioned signaling pathways 
including Gj protein coupling and cGMP (NO) genera- 
tion, activation of protein tyrosine phosphatase, serine/ 
threonine phosphatase 2A (PP2A), protein kinase phos- 
phatase (MKP-1) acting on both phosphotyrosine and 
phosphothreonine as well as SHP-1 tyrosine phospha- 
tase have been reported (for details see Blume et al., 
1999; Horiuchi et al., 1999; Millat et al., 1999). 

1. Dephosphorylation andlnactivation of the Mitogen- 
Activated Protein Kinases ERK1 and ERK2. MAPK 
plays a key role in cellular proliferation, and its activa- 
tion can be detected by highly sensitive methods. VSMC 
transfected with an AT 2 -expressing vector responded to 
Ang II by a very slight increase in MAPK activity, 
whereas untransfected VSMC clearly increases MAPK. 
The AT 2 antagonist max'kedly increased the MAPK ac- 
tivity (both ERK1 and ERK2 isoenzymes) close to the 
level attained in untransfected VSMC when stimulated 
with — 10 -7 M Ang II. These results indicate that stim- 
ulation of the AT 2 receptor by Ang II suppresses the AT 2 
receptor-mediated activation of MAPK (Nakajhna et al., 
1995). Although adult aortic media do not seem to ex- 
presses AT 2 at measurable levels, the carotid artery may 
express it to a limited degree (Viswanathan et al., 1991). 
AT 2 receptor expressed, even in a limited quantity, at 
the edge of neointima, (or, for that matter, in a healing 
wound) may suppress MAPK in the growing edge. The 
serine/threonine phosphatase, PP2A, which is activated 
by Ang II stimulation of the AT 2 receptor in the neonatal 
hypothalamic neurons, was recently shown to inactivate 
MAPK following the stimulation of the AT-L receptor. In 
the presence of the AT 2 receptor antagonist, PD 1233 19, 
MAPK activity was markedly enhanced. Thus, the AT 2 
receptor is able to block MAPK activation either by the 
dephosphorylation of serine/threonine phosphate by 



PP2A or tyrosine phosphate by PTPs, most likely by 
MAPK phosphatase, MKP-1 (Huang et al., 1996). 

The influence of the AT 2 receptor on MAPK activity 
may also depend on the biological program engaged by 
the receptor under defined experimental conditions. 
Thus in PC12W cells expressing AT 2) but not AT 1( re- 
ceptors, treatment with Ang II under conditions allow- 
ing for cell differentiation induced a short-lasting in- 
crease in ERK1 and ERK2 activity as was seen with 
NGF, a classical differentiation factor. Costimulation 
with NGF and Ang II led to initial MAPK stimulation 
but the subsequent NGF-induced plateau of ERKl and 
ERK2 stimulation was suppressed by the AT 2 receptor 
(Stroht et al., 2000). Altered ERK activity was also ob- 
served in the heart of AT 2 transgenic mice suggesting 
that the ERK inactivated by the AT 2 receptor has a 
physiological role in vivo (Masaki et al., 1998). 

Further evidence for a G r coupled activation of PTP 
was obtained in vascular smooth muscle cells in culture, 
even if the AT 2 receptor was not expressed in these cells. 
Instead of using Ang II to stimulate Gj, it was activated 
by a 22 amino acid residue peptide with the sequence of 
the third intracellular loop of the AT 2 receptor protein, 
which was transferred into the cells expressing the AT 
receptor by LipofectAMINE liposome. Cells which re- 
ceived the AT 2 -related peptide showed small but signif- 
icant attenuation of serum-stimulated MAPK and thy- 
midine incorporation. The suppression of thymidine 
incorporation was reversed by pretreatment of cells with 
pertussis toxin, which indicates the role of a G ; or G D 
protein. The inhibition of MAPK activation by serum 
was also reversed by sodium orthovanadate, a tyrosine 
phosphatase inhibitor but not by okadaic acid, a serine/ 
threonine phosphatase inhibitor, which indicates that 
the third intracellular loop of AT 3 receptor activates a 
PTP via a G i or G D protein (Hayashida et al.,1996). In the 
neuroblastoma cell line, N1E-115, the AT 3 receptor has 
been found to activate the catalytic activity of SH-PTP1, 
a soluble PTP implicated in termination of signaling by 
cytokine and growth factor receptors, resulting in ERK 
inactivation (Bedecs et al., 1997). 

Recently, ceramide, which is linked to phosphatase 
activation, was proposed to be the second messenger in 

AT 2 receptor-mediated apoptosis, (Gallinat et al., 1999;- - 

Lehtonen et al., 1999), and pertussis toxin and or- 
thovanadate blocked its production. A negative cross- 
talk appears to exist between AT 2 and AT X receptors not 
only on a functional level as has been observed by vari- 
ous authors (see Unger, 1999) but also on the level of 
intracellular signaling. For instance, stimulation by Ang 
II, interferon, EGF, or PDGF of rat adult vascular 
smooth muscle cells transfected with AT 2 receptor cDNA 
inhibits AT X receptor-mediated ERK activation and ty- 
rosine phosphorylation of STAT without influence on 
Janus kinase (Hariuchi et al., 1999). However, these 
results also indicate that the G r coupled activation of 
protein tyrosine phosphatase(s) or protein serine/threo- 



446 DB GASPA 

nine phosphatase is not targeted narrowly to specific 
channel proteins and that many other proteins can be 
their substrates. 

2. Activation of Phospholipase A 2 and Prostacyclin 
Generation. In contrast to cells in which the AT 2 recep- 
tor is the predominant or exclusive Aug II receptor, 
cardiac ventricular myocytes are interesting as they ex- 
press both AT t and AT 2 receptors (Busche et al, 2000). 
In the hypertrophic ventricles of SHR and two-kidney 
one-clip hypertensive rats, AT a receptor expression is 
increased along with AT 2 receptor density (Suzuki et al., 
1993). Thus, the heart offers unique materials for stud- 
ies on interactive regulation of AT X and AT 2 receptors. 
The AT 2 receptor mediates sustained arachidonic acid 
release in isolated pure cardiac myocytes, and this effect 
is completely blocked by the AT 2 -specific antagonist 
PD123317. Losartan suppresses it by about 50%. On the 
other hand, the AT X receptor supports largely the re- 
lease of inositol phosphates. The fact that 1 mM DTT 
does not completely abolish arachidonic acid release, but 
completely eliminates inositol phosphate, supports the 
role of the AT 2 receptor in the activation of phospho- 
lipase As but not phospholipase C (Lokuta et al., 1994). 

Kohout and Rogers (1995) found evidence indicating 
that the AT 2 receptor-mediated release of arachidonic 
acid may contribute to the activation of Na^/HCO" sym- 
porter system (NBC), which increases the pH value of 
myocytes by 0.08 pH unit. This stimulation of the sym- 
porter system by Ang II can be blocked by the AT 2 
blocker PD123319, but not by the AT 2 blocker losartan. 
Furthermore, supervision of myocytes with exogenous 
arachidonic acid (5 jaM) mimicked the Aug Il-mediated 
alkalinization. Thus, the arachidonate release and sym- 
porter activation is a unique function of the AT 2 reeeptor 
in the heart. These observations were extended by Sand- 
mann et al. (1998) in an ex vivo study in rats after 
myocardial infarction. Whereas pretreatment with an 
ACE inhibitor prevented the postinfarct up-regulation of 
both ion transporter systems, the Na" l "/H + -exchanger 
(NHE-1) and NBC, in cardiac tissue, the AT X receptor 
antagonist, valsartan, selectively blocked the increase in 
NHE-1 and the AT 2 antagonist, PD123319, selectively 
blocked the increase of the NBC. 

AT 3 receptor-dependent production of prostacyclin 
(PGI 2 ) was reported in differentiated adipocytes Obl771 
in culture. The PGI 2 formation is seen only in differen- 
tiated Obl771 cells, and PGI 2 thus formed induces dif- 
ferentiation of undifferentiated Obl771 cells in cocul- 
ture by a paracrine mechanism. This action is blocked by 
PD123177, but not by losartan, indicating that the pros- 
tacyclin formation is mediated by the AT 2 receptor (Da- 
rimont et al., 1994). The mechanism involved in this 
signaling pathway remains to be clarified. 

In summary, diverse AT 2 receptor signaling pathways 
were unveiled, which include activation of serine/threo- 
nine phosphatase PP2A and subsequent opening of the 
delayed rectifier K + -channel, activation of cytosolic 
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PTPs, which may lead to closing of the T-type Ca 2+ 
channel, inactivation, but in some cases also transient 
activation, of MAPK, the inhibitory effect presumably 
through PP2A, MKP-1, or other PTP, and the activation 
of phospholipase A 2 (Nouet and Nahmias, 2000). With 
respect to the specific pathways or substrates involved 
in AT 2 receptor-mediated intracellular signaling, there 
are still numerous unresolved problems such as GTPyS 
sensitivity, PTP activation, or cGMP production. 

F. Tissue Distribution of the AT 2 Receptor 

To identify the physiologic functions of the AT 2 recep- 
tor, investigations were initiated on tissue-specific ex- 
pression, changes in AT 2 expression in relation to onto- 
genic stages and tissue development, and identification 
of cell types in vivo and in cell lines carrying the AT 2 
receptor. In these studies, the use of isoform selective 
antagonists for the AT X and AT 2 receptors enabled in- 
vestigators to - detect biphasic bmding of Ang . EE, which 
indicated the coexistence of ATi and AT 2 receptors. 
Later, cloning of AT 2 cDNA allowed for specific identifi- 
cation of AT 2 mRNA expressed in various tissues (Kaku- 
chi et al., 1995; Shanmugam et al., 1995; Johren et al., 
1996). Distribution of the AT 2 receptor appears to be 
tissue- and species-specific. Both AT 1 and AT 2 receptors 
are expressed in the adrenal gland at varying ratios in 
different regions. In the rat adrenal medulla, the ratio of 
AT 2 to AT 2 receptors was approximately 20:80 (Chang 
and Lotti, 1990), whereas in rat, rabbit, monkey and 
human adrenal cortex, the AT 2 receptor comprised -10 
to 40% of the total angiotensin binding sites (Chiu et al., 
1989a; Whitebread et al., 1989; Chang and Lotti, 1990). 
Other tissues that expressed the AT 2 receptor at a high 
proportion, as compared to the AT X receptor, were the 
nonpregnant human uterus (Whitebread et al., 1989; 
Criscione et al., 1990; Bottari et al., 1991; de Gasparo 
and Levens, 1994); sheep uterine myometrium (Cox et 
al., 1993); bovine cerebellar cortex (Bottari et al., 1991); 
and rat ovarian follicular granulosa cells (Pucell et al., 
1991). Species dependence exists, as only 40% and 60% 
of Ang II binding sites are AT 2 in rat and rabbit uterus, 
respectively (Dudley et al., 1990; Bottari et al., 1991). 
The proportion of the AT 2 receptor in the kidney cortex 
is less than 10% of the AT t receptor in the rat and 
rabbit, and -55% in monkey (Chang and Lotti, 1991). 
On the other hand, the heart in the rat, rabbit, and 
monkey contains the AT 2 receptor in small but finite and 
measurable amounts, which comprises about 30% of the 
total Ang II binding sites (Chang and Lotti, 1991). The 
rat and primate pancreas were found to contain AT 2 and 
AT 2 receptors (Chappell et al., 1992, 1994). Expression 
of the AT a receptor was particularly high in pancreatic 
acinar cells (Chappell et al., 1995). Table 4 summarizes 
adult and fetal tissues that express AT 2 receptors. 

Some fetal tissues express the AT 2 receptor at high 
levels. As summarized in Table 4, in many of these 
tissues the AT 2 receptor emerges on embryonic days 11 
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to 13 (E11-E13) and reaches a maximal level on E19. 
The AT 2 receptor then rapidly declines in newborn ani- 
mals to lower levels or to undetectable levels. As exam- 
ined by autoradiographic techniques and/or in situ hy- 
bridization, expression of the AT 2 receptor was 
particularly dense in differentiated mesenchymes, such 
as mesenchimal tissues in the tongue, subdermal, and 
s.c. regions of the skin and the diaphragm. In these 
tissues, the preponderant fetal Ang II binding sites are 
AT 2 (>97%) (Grady et al., 1991; Feuillan et al., 1993; 
Grady and Kalinyak, 1993; Shanmugam et al., 1995). 
The skin and tongue are the tissues in which fetal ex- 
pression of AT 2 receptor is particularly intense, how- 
ever, rapid postpartum disappearance is seen. In many 
other tissues where fetal AT 3 receptor expression level is 
detectable, a precipitous lowering of the AT 2 receptor is 
observed. The very dense expression of Ang II receptors 
in rat fetal skin cells noted by Millan et al. (1989) seems 
to be AT 2 receptor (Feuillan et al.,1993). These cells 
were isolated and cultured. Earlier passage cells express 
more AT 2 than AT a receptor. Switching of AT 2 to AT 1 
expression, or AT 2 -expressing cells to AT r expressing 
cells seems to take place (Johnson and Aguilera, 1991). 
In some tissues, AT 2 receptors reach undetectable levels 
(submucosal cells of the stomach and intestine or tra- 
chea). On the other hand, in certain tissues the process 
of rapid postpartum decrease is arrested, and the AT 2 
receptor remains at detectable levels in the adrenal me- 
dulla, zona glomerulosa, (Shanmugam et al., 1995), pan- 
creas (Chappell et aL, 1994), uterus (Cox et al., 1993), 
and heart (see below). 

In the fetal kidney, AT 2 receptor expression is seen 
mostly in the mesenchymal cells of differentiating cortex 
and medulla, which are surrounding glomeruli in the 
cortex and tubular tissues in the medulla (Kakuchi et 
al., 1995). The mesenchymal cells will undergo apoptosis 
and will be replaced by tubular tissues. The role of the 



AT 2 receptor in fetal development is not yet clearly 
established. Although the apoptosis of the AT 2 receptor- 
expressing cells in fetal tissue development is an attrac- 
tive concept, hemizygotic male AT 2 receptor gene de- 
leted mice (the AT 2 receptor gene is localized to the 
X-chromosome) and homozygotic female AT 2 receptor 
gene null mice undergo normal fetal development, and 
newborns and adults do not show any abnormality in the 
gross morphology of the skin, tongue, kidnej*, or adrenal. 
A delay in vasculogenesis was observed, however 
(Yamada et al., 1998). 

Although in many tissues the AT 2 receptor undergoes 
a unidirectional decrease in its expression, this receptor 
also undergoes reversible changes. The myometria of the 
human, sheep, and rat express measurable AT 2 recep- 
tors at a high level (Criscione et al., 1990; Bottari et al., 
1991; Cox et al., 1993; de Gasparo et al., 1994). In sheep 
uterus, for instance, the ratio of AT^ATa receptor is 
15:85. In the pregnant ewe, the AT 2 receptor is reduced 
by more than 90% and AT X is reduced by 60% with the 
AT 1 to AT 2 ratio being reversed to 80:20. However, upon 
parturition, the AT 2 receptor rapidly returns to the high 
prepregnancy levels (Cox et al., 1993). Similar observa- 
tion was made in human myometrium during pregnancy 
(de Gasparo et al., 1994). The AT 2 receptor also emerges 
during wound healing of the skin (Kiniura et al., 1992; 
Viswanathan and Saavedra, 1992). This increase occurs 
particularly in the superficial dermis. A low level of AT 3 
receptor expression was also seen in the neointimal tis- 
sue of rat carotid artery following balloon catheteriza- 
tion (Janiak et al., 1992; Viswanathan et al., 1994b). 
These changes in the uterus during pregnancy or in 
wound healing in the skin and brain indicate that the 
AT 2 receptor has a definitive but not yet identified reg- 
ulatory function in these tissues. 

1 . Brain. Although circumventricular organs of the 
brain respond to circulating Ang II, an endogenous brain 
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renin-angiotensin system can generate Ang II in tissues' 
protected from circulating Ang II by the blood-brain 
barrier. Ang II generated by this system reacts with 
angiotensin receptors within the brain. The brain angio- 
tensin receptors have been studied and reviewed exten- 
sively by Gehlert et al. (1991a,b), Rowe et al. (1992), 
Saavedra (1992), Song et al. (1992), and Hohle et al. 
(1995). An expression of the AT 2 receptor in fetal (E18) 
brain tissues was reported in several areas: inferior 
olive, paratrigeminal nucleus, and hypoglossal nucleus. 
Saavedra (1992) determined AT X and AT 2 receptor ex- 
pression in various regions of the brain, and its age 
dependence in 2- and 8-week-old rat brains. Although 
AT 1 ! receptor expression did not show marked age de- 
pendence, the AT 3 receptor showed a significant de- 
crease from 2 to 8 weeks of age (see Table 5). 

Obermuller et al. (1991) investigated the distribution 
of Ang EE receptor types in adult rat brain nuclei using 
competitive radioligand binding. Whereas midbrain and 
brain stem contained AT L and AT 2 receptors in compa- 
rable concentrations, AT 2 receptors were by far predom- 
inant in several hypothalamic nuclei, although a limited 
amount of AT 2 receptors was detectable in most of them. 
Although minor differences may exist among these stud- 
ies, they share the following observations: AT 2 receptor 
expression is consistently high in the cerebellar nuclei, 
inferior olive, and locus ceruleus in the brain stem, 

TABLE 5 



Distribution of the AT 3 recepto. 


r in the brain — effect of age 




2-wk-old 


S-wk-old 




final Img protein 




(mean 


, ± S.E.MJ 


Regions containing only the AT S 






receptor 
Persistent AT a receptor with age 




IS ±3 


Lateral septal nucleus 


58 ±6 


Ventral thalamic nuclei 


101 ± 8 


24 ±3 


Mediodorsal thalamic nucleus 


165 ± 11 


38 ± 13 


Locus ceruleus 


289 ± 19 


98 ±13 


Principal sensory trigeminal 
nucleus 


75 + 6 


15 ±4 


Parasolitaxy nucleus 


220 ± 15 


57 ±14 


Inferior olive 


1328 ± 61 


181 ± 32 


■ Media] amygdaloid nucleus 


159 ± 8 


94 ±9 


Medial geniculate nucleus 


338 ± 24 


71 ±6 


Transient expression of the AT 2 






receptor 




N.D. 


Anterior pretectal nucleus 


53 ± 8 


Nucleus of the optic tract 


101 ± 13 


N.D. 


Ventral tegmental area 


101 ± 11 


N.D. 


Posteodorsal tegmental nucleus 


110 ± 21 


N.D. 


Hypoglossal nucleus 


141 * 11 


N.D. 


Central medial and paracentral 


202 ± 14 


N.D. 


thalamic nucleus 




N.D. 


Laterodorsal thalamic nucleus 


110 ± 10 


Oculomotor nucleus 


98 ± 13 


N.D. 


Regions containing both AT X and 






AT 2 Teceptors 






Persistent AT 3 receptor with age 
Superior eoUicua 




65 ± 8 


145 ± 5 


Cingulate cortex 


19 ±4 


S ±4 


Transient expression of the AT 3 






receptor 
Cerebellar cortex 


59 ± 6 


N.D. 



NJ3., not determined. 



which is rich in noradrenergic neurons. In contrast to 
the AT X receptor, which participates in various central 
cardiovascular functions and is expressed in the hypo- 
thalamus and in brain stem nuclei (nucleus of the soli- 
tary tract, dorsal motor nucleus of vagus at a low level), 
the AT 2 receptor is much less present in distinct hypo- 
thalamic and brain stem nuclei associated with the reg- 
ulation of cardiovascular functions. The presence of the 
AT 2 receptor in the dorsal motor nucleus of vagus is not 
completely settled. 

Although the distribution of AT 2 receptors in the 
brain is well known, their effects are still not clear. As 
outlined above, brain AT 2 receptors may play a role in 
cognitive functions and certain types of behavior such as 
exploration or drinking (Hein et al., 1995a). On the other 
hand, they may also antagonize the central effects of 
angiotensin peptides in osmoregulation mediated via 
ATi receptors (Hohle et al., 1995, 1996). A possibly im- 
portant role of AT 2 receptors in neuroregeneration and 
neuroprotection will be dealt with below. 

2. Heart. Earlier studies suggested that myocytes of 
rabbit and rat hearts contain AT 2 and AT 2 receptors in 
comparable quantities as shown in Table 6 (Rogg et al., 
1990; Scott et al., 1992; Sechi et al., 1992b). However, 
questions remained as to the cell-specific localization of 
these receptors in situ. A recent study using single cell 
RT-PCR has demonstrated that in the adult rat about 
50% of cardiomyocytes contain the AT X receptor, 
whereas the AT 2 receptor is much more scarce with only 
about 10% carrying this receptor type (Busche et al., 
2000). 

Autoradiographic studies of the rat heart show about 
a 2-fold increase in AT 2 and AT 2 receptors after birth, 
and their receptor numbers are about equal from E16 
through 10 to 16 weeks of age (Sechi et al., 1992b). They 
are expressed in the myocardium of all four chambers, 
as well as in the vascular smooth muscles of the aorta 
and pulmonary arteries. However, very little ligand 
binding was seen in the coronary artery. The conduction 
system (the atrioventricular and sino-aortic nodes) was 
reported to contain both AT X and AT 2 receptors by Sechi 
et al. (1992b), whereas Saavedra et al. (1993J, Brink et 
al. (1996), and Wharton et al. (1998), showed only AT X 
receptors in these tissues. 

Primary culture of cardiomyocytes from neonatal rat 
left ventricles showed about a 50% decrease in the AT 2 



TABLE 6 

Coexistence of and AT S in cardiac tissues 





% of 


+ AT 2 
AT 2 


References 


Rabbit ventricle 


60 


40 


Rogg et al., 1990 


Rat UO-wk-old) 


50 


50 


Sechi et al., 1992b 


Myocytes 


65 


35 


Matsubara et al., 1994 


Fibroblasts 


>9G 


<5 


VillaTeal et al., 1993 


Fibroblasts {adult) 


100 






Human 


67 


33 


Noaaki et al., 1994 


33 


69 


Regitz-Zagrosek, 1995 
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receptor from those of E19 fetuses, whereas the ATj 
receptor did not decrease (Matsubara et al., 1994). In 
contrast, the AT 2 receptor in cultured fibroblasts col- 
lected from 1-day-old rat heart was less than 10% of the 
AT 2 receptor in fibroblasts cultured from E19 fetal 
heart, whereas there was no change in AT X receptor 
number. In cardiac fibroblasts cultured from 7-day-old 
rats, AT 2 receptor density was negligible and the major- 
ity of the Ang II receptor population was reported to be 
AT ls whereas in cultured cardiohiyocytes AT 2 receptor 
numbers are maintained at a finite and measurable 
level (about 50% of AT]). Bovine and human ventricular 
and atrial myocardium also contain both AT 2 and ATj 
receptors (Rogg et al., 1991; Nozawa et al., 1994; Regitz- 
Zagrosek et al., 1995). Although the AT 2 receptor is 
usually expressed at low density in adult, it is up-regu- 
lated to different extents in pathological circumstances 
such as cardiac hypertrophy, myocardial infarction, car- 
diomyopathy, and congestive heart failure (Matsubara, 
199S; Unger, 1999). Interestingly, both in nonfailing and 
explanted end-stage human heart the AT 2 receptor pop- 
ulation measured in a binding assay (65% of total Aug II 
receptor) is greater than AT X , and there may be a corre- 
lation between the density of the AT 2 receptors and the 
severity of heart failure (Rogg et al., 1996). Wharton et 
al. (1998) also observed a significant increased density of 
Irigh-affinity brnding sites in endocardial, interstitial, 
perivascular, and infarcted regions of the ventricle of 
patients with end-stage ischemic heart disease or di- 
lated cardiomyopathy, greater than in adjacent nonin- 
farcted myocardium. The border zone between nonin- 
farcted and infarcted myocardium was rich in 
microvessels with perivascular AT 2 receptors. Ohkubo 
et al. (1997) reported that in the heart of cardiomyo- 
pathic hamster (Bio 146), both AT 1 and AT 2 receptors 
were increased during heart failure (153% and 72%, 
respectively). In human, the expression of the AT 2 re- 
ceptor was markedly (3-fold) increased in patients with 
dilated cardiomyopathy at both protein and mRNA lev- 
els compared with patients with acute or well organized 
old myocardial infarction (Tsutsumi et aL, 1998). In 
contrast, the Al^ receptor expression was significantly 
down-regulated. The AT 2 receptor sites were highly lo- 
calized in the interstitial region in the fibrotic areas 
where fibroblasts are present. Collagen and fibronectin 
formation from fibroblasts were suppressed by the AT 1 
antagonist TCV116, and increased by the inhibition of 
AT 2 receptor with PD123319 in the cardiomyopathic 
hamster. These results are intriguing as they suggest 
the possibility that the AT X and AT 2 receptors modulate 
extracellular matrix formation in an opposite way as has 
already been suggested from experiments using cardiac 
microvascular enothelial cells (Fischer et al., 1996). 

Although much remains to be learned about the var- 
ious functions of cardiac AT 2 receptors, their distribu- 
tion and time- and event-driven regulation suggest roles 



in cardiac development, repair and remodeling with ac- 
tions opposing those mediated by cardiac AT X receptors. 

3. Kidney. The kidney is a major target organ, of Ang 
II. Ang II exerts its regulatory function on both hemo- 
dynamic and tubular functions, and most of its actions 
seem to be explained by AT-l receptor functions. The AT X 
receptors are indeed abundantly expressed in small cor- 
tical arteries, glomeruli, proximal tubules, and intersti- 
tium. The AT 2 receptor is, however, also expressed in 
the kidney. Ontogenic studies on rat and humans by 
autoradiography, in the presence of losartan (Sechi et 
al., 1992a; Ciuffo et al., 1993b), on rat (Shanmugan et 
al., 1995), and on mouse (Kakuchi et al., 1995) showed 
marked development-dependent changes in AT 2 recep- 
tor expression in the kidney. 

In the mouse (Kakuchi et al., 1995), on embryonic 
days 12 to 16 (E12-E16) AT 2 mRNA was densely ex- 
pressed in the mesenchymal cells of the mesonephros 
surrounding the mesonephric tubules. In this develop- 
mental period, the mesonephros begins regression, and 
a possible function of the AT 2 receptor in the apoptotic 
loss of mesonephros can be envisioned. On E14, the AT 2 
receptor emerges in the interstitial mesenchymes of the 
kidney, but not in the glomeruli or the S-body, whereas 
the ATj receptor is richly expressed in the preglomeruli 
and S-bodies. On E16, AT 2 mRNA is seen in the renal 
capsule and inner medulla where it is prominent along 
the papillary duct and between the collecting ducts. AT 2 
receptor on the medullary ray extend into the cortex, 
whereas the detection signals are reduced to undetect- 
able levels after birth (Kakuchi et al., 1995; Shanmugam 
et al., 1995). 

About 10 to 15% of the renal Ang II binding sites were 
blocked by CGP42112 (de Gasparo et al., 1990; Zhuo et 
al., 1992, 1993, 1998). The outermost layer of the cortex 
outside of the glomeruli and inner layer of medulla seem 
to show signaling for the AT 2 receptor, the proximal 
convoluted tubule is a candidate site for AT 2 receptor 
localization, which is functional in the renal tubular 
system, as its existence has been reported by Dulin et al. 
(1994). The same group also reported the presence of the 
AT 2 receptor in cultured rat mesangial cells by binding 
studies (Ernsberger et al., 1992). However, quantitative 
autoradiographic studies of rat renal glomeruli by Ciuffo. 
et al. (1993b) did not detect the AT 2 receptor in rat renal 
glomeruli. Reviewing many of these studies, it appears 
that the competitive ligand binding autoradiography or 
in situ hybridization does not provide sufficient sensitiv- 
ity for detecting a low-level expression of AT 2 , compris- 
ing only 10 to 20% of total binding. Along this line, 
earlier studies by a similar technique by Gibson et al. 
(1991) did not detect AT 2 receptor in the rat renal cortex. 
By contrast, in rhesus monkey kidneys, AT 2 receptors 
(PD 12198 sensitive sites) were seen in the juxtaglomer- 
ular apparatus and in arterial smooth muscle cells. 

Ozono et al. (1997) examined the expression of the AT 2 
receptor in the fetal, newborn, and adult kidney by im- 
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munohistoclieraistry using antibodies raised against the 
peptide epitope with the amino acid sequence of the N 
terminus of the rat AT 2 receptor. Positive immunohisto- 
chemical staining of the AT 2 receptor was observed in 
the mesenchymal cells and ureteral bands of the 14-day- 
old fetal kidney and in the glomeruli tubules, and ves- 
sels in the 19-day-old fetal and newborn kidney. Glomer- 
uli expressing the AT 2 receptor were localized mainly in 
the outer layers of the renal cortex. In the young and 
adult rat, AT 2 receptors were present in glomeruli at a 
substantially diminished level. Lowering dietary sodium 
intake increased glomerular and interstitial AT 2 recep- 
tors. In human kidney, the AT a receptor is clearly 
present in large preglomerular vessels of the renal cor- 
tex CGrone et aL, 1992) and in the tubular interstitium 
(Chansel et aL, 1992; Goldfarb et aL, 1994). Possible 
renal functions of the AT 2 receptor have recently been 
reviewed (Carey et aL, 2000). 

4. Vasculature. Although it is well known that the 
AT\ receptor, present in vascular smooth muscle, medi- 
ates the contractile and hypertrophic effects of Aug II, 
the presence of the AT 2 receptor in the vasculature in 
vivo was seen only by autoradiography. Its exact site of 
localization and functional roles are yet to be clarified. 
In coronary endothelial cells derived from SHR, AT 2 
receptor mRNA as well as AT 2 binding were present 
with a ratio AT t /AT 2 of about 80%/20% (Stoll et aL, 
1995). In ontogenic studies on AT 2 receptor expression 
in fetal (E18), 2-week-, and 8-week-oId rat aorta autora- 
diographic determination of specific binding of ^I-Sar 1 - 
Ang II in the presence of Iosartan and PD123177 was 
performed (Viswanathan et aL, 1991). Interestingly, the 
AT 2 receptor was the major or almost exclusive Aug II 
receptor in the fetal aorta (E18), accounting for 85% of 
the total binding. Even at 2 weeks of age the AT 2 was 
still the dominant form but it became a minor Ang II 
receptor at 8 weeks of age (25%). However, the total Ang 
II receptor sites decrease after birth and throughout the 
process of maturation from a very high level (300 
fmol/mg of protein) in the fetus down to less than 10 
fmol/mg of protein in 8 weeks. Autoradiography showed 
the AT 2 receptor in the medial layer even at 8 weeks of 
age. Similar results were obtained by competitive bind- 
ing of the vascular membrane fraction (Chang and Lotti, 
1991). This small but finite population of AT 2 receptors 
in the media of the vasculature may explain a rapid 
pressor and subsequent depressor effect of Ang III in- 
fused into rats pretreated with Iosartan. The AT 2 
blocker almost completely eliminated the depressor 
phase (Scheuer and Perrone, 1993). The presence of AT 2 
receptors even at a low level may be compatible with the 
increased sensitivity to the pressor action of Ang II at a 
low concentration (10 _12 -10" 10 M) under AT 2 blockade. 
Thus, it has been speculated that the AT 2 blockade 
unmasks the sensitivity of the vascular AT-l receptor to 
a low concentration of Ang II (Hong et aL, 1994). 



■ Formation of neointima following balloon catheteriza- 
tion of the rat carotid artery can be suppressed by an- 
giotensin converting enzyme inhibitors or AT X antago- 
nists {see above). However, there was a report that an 
AT 2 agonist was efficient in preventing neointima for- 
mation, but not an AT ± antagonist (Janiak et aL, 1992). 
Autoradiographic studies of Ang LT receptor expression 
indicated a marked increase in AT 1 and a decrease in 
AT 2 receptors in the balloon catheter-treated aorta, and 
equally elevated AT 2 but no expression of AT 2 receptors 
in the normal and injured carotid artery (Viswanathan 
et aL, 1994b). However, the neointimal area of the ves- 
sels transfected with and expressing the AT 2 receptor 
transgene was decreased by 70% compared to untrans- 
fected or control-vector transfected vessels. This inhibi- 
tory effect on the development of the neointima was 
blocked by an AT 2 receptor antagonist, PD123319 (Na- 
kajima et aL, 1995). The in vivo localization of the AT 2 
receptor in the aorta of rats may provide a basis for a 
possible interpretation of the interesting report that 
chronic blockade of AT 2 rather than ATj receptor antag- 
onizes Ang II-induced aortic hypertrophy and fibrosis 
(Levy et aL, 1996). In a model of chronic Ang H infusion, 
Cao et aL (1999) reported on an increased mesenteric 
weight and wall-lumen ratio of the vessels as well as 
proliferation of smooth muscle cells. These vascular 
changes were attenuated by both AT X and AT 3 receptor 
antagonists. Moreover, ATj receptor blockade was asso- 
ciated with down-regulation of both receptors, whereas 
ATi receptor blockade was associated with reduced Ang 
II binding to only the AT 2 receptor. Although these 
observations suggest that vasotrophic effects of Ang II 
could, at least partially and under certain experimental 
conditions, be mediated by the AT 3 receptor type, this 
topic is still controversially discussed. The marked AT 2 - 
mediated increase of aortic cGMP under Ang LT infusion 
in SHR as observed by Gohlke et aL (1998) is just one 
example speaking against AT 2 as a vasotrophic factor. 

Despite the fact that the media of rat thoracic aorta 
express the AT 2 receptor, smooth muscle cells derived 
from the aorta and cultured in vitro do not (Kambayashi 
et aL, 1996; Ichiki et aL, 1996). This is possibly due to 
down-regulation of the AT 2 receptor gene by growth 
factors in serum-containing culture medium since AT 2 
receptor expression can be regained upon prolonged se- 
rum depletion in the presence of msulin (Kambayashi et 
aL, 1996). 

Coronary endothelial cells cultured from adult SHR 
contain AT 2 and AT 2 receptors in a ratio of about 80/20% 
as determined by the demonstration of AT 2 mRNA, AT 3 
binding and functional studies (Stoll et aL, 1995). The 
same authors showed that in these cells, serum- or basic 
fibroblast growth factor-induced proliferation is dose- 
dependently inhibited by Ang H (Metsarinne et aL, 
1992; Stoll et aL, 1995) and that this antiproliferative 
effect is sensitive to AT 2 receptor blockade. Further- 
more, that under nonstimulated conditions, the mito- 
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genie activity of Ang II is suppressed by the AT X antag- 
onist losartan but is markedly enhanced by the AT 2 
antagonist PD123177 (Stoll et al., 1995). This is presum- 
ably because the mitogenic action of A r T 1 receptor is 
partially suppressed by the AT 2 receptor. The antipro- 
liferative effect of the AT 2 receptor has subsequently 
been confirmed in several laboratories and also extended 
to nonvascular cell systems (Meffert et al., 1996; Mun- 
zenmaier et al., 1999; Goto et al., 1997; Van Kesteren et 
al., 1997; Marie et al., 1998). 

5. Pancreas, Lung, Thymus, and Other Tissues. Ca- 
nine and primate pancreas were found to contain the 
AT 2 receptor at a relatively high level (Chappell et al., 
1992, 1994). This receptor was characterized by high 
binding affinity (K d ~ 0.48 nM) for Ang II, a 2-fold 
enhancement of binding by DTT and inhibition of radio- 
active Ang II binding by AT 2 -specific antagonists. Of the 
total Ang II binding sites approximately 70% seems to be 
AT 2 . Autoradiographic studies showed a predominance 
of AT 2 over ATj receptors throughout the pancreas in- 
cluding islet cells, acinar and duct cells, as well as vas- 
culature cells (Chappell et al., 1991, 1992). Subse- 
quently, the rat pancreatic acinar cell line AR42J was 
shown to contain a high level of AT 2 receptors (250 
fmol/mg of protein) with concomitant ATj receptors at 
~10 to 15% of the level of the AT 2 receptor (Chappell et 
al., 1995). The pancreas also contains a large amount of 
angiotensinogen and its mRNA studied (Chappell et al., 
1991). 

The distribution of the AT X and AT 2 receptor in hu- 
man lung was studied using immunohistochemistry 
with specific polyclonal antibodies and with in situ hy- 
bridization. The AT-l receptor mRNA and protein were 
localized on vascular smooth muscle cells, macrophages, 
and, in particular, in the stroma underlying the airway 
epithelium. In contrast, the AT 2 receptor mRNA and 
protein was observed in the epithelium, with strong 
staining on the bronchial epithelial cell brush border 
and also on many of the underlying mucous glands. The 
AT 2 receptor was also present on some endothelial cells 
(Bullock et al., 1999). The thymus was shown to contain 
sites able to bind Sai a -Ang II at a high affinity. This 
binding is inhibited by an AT 2 antagonist (Correa et al., 
1994). 

There are tissues or cells that are devoid of AT 2 re- 
ceptor when using either 126 I-Ang II in the presence of 
ATj selective antagonists or the AT 2 -specific binding 
agent 12S I-CGP 42112. These tissues are the liver 
(Whitebread et al., 1989; Dudley et al., 1990) and the 
pituitary (Leung et al., 1991). 

6. Cells in Primary Culture and Cell Lines Expressing 
the AT 2 Receptor. To clarify the signaling mechanism 
and pathophysiological significance of the AT 2 receptor, 
numerous types of cells derived from tissues known to 
contain the AT 2 receptor were prepared or identified. 
They provided useful materials for studies on AT 2 recep- 



tor signaling, pathophysiologic roles, and regulation for 
cloning and purification. 

Among primary cultured cells were neuronal cells dis- 
persed from rat neonatal hypothalamus (Sumners and 
Myers, 1991), neonatal rat cardiomyocytes (Lokuta et 
al., 1994; Suzuki et al., 1993), adult rat aortic endothe- 
lial cells (Stoll et al., 1995), rat fetal skin cells (Tsutsumi 
et al., 1991), and rat fetal fibroblasts (Johnson and Agu- 
ilera, 1991). 

Rat adrenomedullary pheocln-omocytoma PC12 cells 
express both AT a and AT 2 receptors reflecting their ad- 
renal medullar origin where both AT a and AT 2 receptors 
are coexpressed. A subline, PC12W, which expresses a 
large amount of AT 2 but not ATj receptors (Speth and 
Kim, 1990), were extensively used for studies of AT 2 
signaling mechanisms and for AT 2 cloning. A subline of 
the Swiss mouse 3T3 fibroblast cell line, R3T3, also 
expresses AT 2 without AT X receptor (Dudley et al., 1991; 
Csikos et al., 1998). Although in both of these cell lines 
expression of the AT 2 receptor is suppressed in the cel- 
lular growth phase, AT 2 mRNA increases as they ap- 
proach the subconiluent or confluent phase. When R3T3 
cells are shifted to a quiescent condition by serum de- 
privation, the AT 2 receptor protein production increases 
without proportional increase in mRNA (Dudley and 
Summerfeldt, 1993). 

An undifferentiated mouse neuroblastoma cell line, 
NG108-15, was shown to express the AT 2 but not the 
ATj receptor (Buisson et al., 1992) and was used in 
studies of the signaling mechanism: AT 2 receptor acti- 
vation by Ang II resulted in phosphotyrosine phospha- 
tase activation and closing of calcium T-channel (Buis- 
son et al., 1995). 

Another mouse neuroblastoma cell, N1E-115, ex- 
presses both AT X and AT 2 receptors (Reagan et al., 
1990). Since ATj receptors can be rapidly destroyed by 
ditbiothreitol, AT 2 receptors could be preserved in frac- 
tions solubilized by the detergent CHAPS and were used 
as a source for purification of the AT 2 receptor. The 
transformed rat pancreatic acinar cell line, AR42J, con- 
tains both AT 1 and AT 2 receptors and shows a marked 
rise in Ca 2+ characteristic of the ATj receptor response 
(Chappell et al., 1995). Thus, this cell line may not be 
very convenient for the study of the role of AT 2 receptor. . 
However, AR42J cells have an exocrine function that 
may or may not be regulated by AT 2 . Ovarian granulosa 
cells isolated to a high degree of purity and maintained 
in primary culture were also very useful to study AT 2 
receptor-dependent differentiation and apoptosis (Pucell 
et al., 1991; Tanaka et al., 1995). The cloned mouse 
preadipocyte cell line, Obl771, expresses the AT 2 recep- 
tor upon differentiation in a serum-free medium and 
responds to Ang II by producing prostacyclin, which 
promotes the differentiation of the preadipocytes by a 
paracrine mechanism (Darimont et al., 1994). Rat 
VSMC in culture do not express the AT 2 receptor under 
regular culture conditions in the presence of fetal calf 
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serum (Stoll et al., 1995; Ichiki et al., 1996; Kambayashi 
et al., 1996), but, as outlined above, the AT 2 receptor can 
emerge in rat thoracic VSMC when cultured in serum- 
depleted medium supplemented with insulin or other 
insulin-like growth factors sueh as IGF (Ichiki et al., 
1996; Kambayashi et al., 1996). Thus rat VSMC grown 
and maintained under ordinary culture conditions do 
not seem to provide convenient materials for the study of 
the role of the AT 2 receptor. However, VSMC can be 
transfected with an artificial AT 2 receptor gene consist- 
ing of an AT 2 receptor coding region with a myosin 
heavy chain promoter (Nakajima et al., 1995). 

G. Pathophysiological Aspects of AT 2 Receptor 
Activation 

The widespread distribution of AT 2 receptors in vari- 
ous brain nuclei, heart, vascular tissues, adrenal, kid- 
ney, skin, and during wound healing suggests a physio- 
logical role for the AT 3 receptor. The identification of 
several AT 2 receptor signaling pathways as reviewed in 
preceding sections implies diverse pathophysiologic con- 
sequences. Studies to identify the role of the AT 2 recep- 
tor in pathophysiology have been conducted using di- 
verse approaches, which include the use of cultured 
cells, in vivo vascular tissues injured by balloon cathe- 
ter, transgenic expression of AT 2 receptor, targeted AT 2 
receptor gene deletion (gene knockout), and chronic ad- 
ministration of AT 2 antagonists and agonists (Horiuchi 
et al.,1998; Matsubara, 199S; Unger, 1999; Carey et al., 
2000). 

1. The AT Z Receptor Can Induce Apoptosis. The ef- 
fect of the AT 2 receptor does not stop at the inhibition of 
cellular proliferation but is associated with cellular pro- 
grams such as differentiation and regeneration (see be- 
low) and, under appropriate conditions, also with apo- 
ptosis. 

In PC12W cells, expressing only AT 2 but not ATj. 
receptors, nuclear condensation, fragmentation, and 
marginalization were observed in serum-free medium 
containing NGF (1 ng/ml) after treatment with 10~ 7 M 
Ang II for 2 days (Yamada et al., 1996; Gallinat et al., 
1999). Characteristic internucleosomal DNA fragmenta- 
tion was also observed. In R3T3 cells, serum depletion 
seemed to be the major contributor to apoptotic DNA 
fragmentation although activation of AT 2 receptor has 
an additional effect. 

Skin fibroblasts collected from mice embryos with ge- 
netic deletion of the AT 2 receptor did not show any DNA 
fragmentation characteristic of apoptosis after stimula- 
tion with Ang II, whereas fibroblasts from wild mice did 
(Li et al., 1998b). Ovarian granulosa cells undergo apo- 
ptosis during follicular atresia. These cells contain the 
AT 2 but not the ATj, receptor (Pucell et al., 1991). 
Tanaka et al. (1995) showed that these cells in culture 
underwent apoptotic DNA fragmentation when depleted 
of follicle-stLmulating hormone. Although no direct effect 
of added Ang XL on the apoptosis was observed, the AT 2 



receptor level in these cells was increased by the re- 
moval of folhcle-stimulating hormone and the addition 
of Ang II, indirectly suggesting a possible role of the AT 2 
receptor in apoptosis and even perhaps in ovulation. 

Programmed cell death" is an important concept in 
developmental morphogenesis. The fetal kidney ex- 
presses the AT X receptor in the preglomerular S-bodies, 
whereas the AT 2 receptor is expressed in fetal renal 
mesenchymal cells, which are replaced by tubular tis- 
sues in the later stages of renal development. Mesone- 
phros also express the AT 2 receptor in the mesenchyme 
surrounding its tubular system. Mesonephros are 
known to disappear by apoptosis (Kakuchi et al., 1995). 
However, the nephrogenesis occurs even in AT 2 receptor 
null mice. Thus, triggering of the AT 2 receptor-mediated 
activation of MKP-1 and apoptosis maybe contingent on 
additional growth suppressive measures such as serum 
depletion. 

The mechanism behind AT 2 -mediated apoptosis ap- 
pear complex as both AT X and AT 2 receptors are in- 
volved in the process (de Gasparo and Siragy, 1999). The 
calcium flow between endoplasmic reticulum and mito- 
chondria and the ratio jBcZ2/Bax, which is modulated by 
both AT], and AT 2 receptors play a key role in homeosta- 
sis between cell growth and cell death (Kajstura et al., 
1997; Berridge et al., 1998; Fortuno et al, 1998; Tea et 
al., 1998). Horiuchi et al. (1997b) reported that AT 2 
receptor stimulation in PC12W cells dephosphorylates 
Bcl2 by activation of MKP-1. In PC12W cells, AT 2 stim- 
ulation markedly lowered MAPK. This effect was sup- 
pressed by pretreatment with vanadate and pertussis 
toxin, indicating that a G protein-driven PTP decreased 
MAPK activity. The PTP was shown to be MKP-1, since 
the elimination of MKP-1 by an antisense oligonucleo- 
tide transfection abolished DNA fragmentation 
(Yamada et al., 1996). Activation of caspase may be 
involved in AT 2 receptor-induced apoptosis in umbilical 
venous endothelial cells (Dimmeler et al., 1997). A stim- 
ulation of ceramide, which replaces tibe JNK-stress-ac- 
tivated protein kinase pathway leads to caspase stimu- 
lation (Hayashida et al., 1996). 

Gal lina t et al. (1999) observed that in PC12W cells, 
kept under conditions allowing for apoptosis, the AT 2 
receptor-induced apoptosis was associated with an Ang 
II concentration-dependent ceramide production. Be- 
cause sphingomyelin concentrations were unaltered by 
Ang H these findings suggested a de novo synthesis of 
ceramide by AT 2 receptor stimulation. This report was 
subsequently confirmed by Lehtonen et al. (1999). 

Stretch also activates apoptosis following increased 
expression of the transcriptional factor p53 and up-reg- 
ulation of the local renin-angiotensin system, whereas 
Bcl2 expression is decreased. p53 indeed binds to the 
promoter of the angiotensinogen and the AT 2 receptor 
genes and stimulates production of Ang II and expres- 
sion of the AT X receptor (Pierzchalski et al., 1997; Leri et 
al., 1998). 
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Together, these reports clearly indicate that the AT 2 
receptor is able to induce apoptosis, although the signal- 
ing pathways await further investigation. It should be 
noted, however, that the proapoptotic features of the 
AT 2 receptor can only be unveiled under specific exper- 
imental conditions, for instance serum deprivation/NGF 
dependence, which generally prepare the grounds for 
apoptosis. 

2. Effects on Vascular Tone. The presence of AT 2 
receptors in the vasculature has been discussed above. 
Whereas the vascular antiproliferative and neointima- 
reducing effects of AT 2 receptor stimulation are now well 
established (Horiuchi et al, 1998; Unger, 1999), the 
participation of the AT 2 receptor in the regulation of 
vascular tone is still controversial. When a bolus injec- 
tion of Aug III was given i.v. into anesthetized rats, both 
pressor and depressor effects were observed. Under AT Z 
receptor blockade, Ang III exerted a dose-dependent de- 
pressor effect, which was abolished when both AT X and 
AT 2 receptors were blocked (Scheuer and Perrone, 

1993) . In rabbit abdominal aorta, the AT 2 blocker 
PD123177 unmasked losartan-sensitive pressor effects 
of Ang II at a low-coneentration range of 10" 12 to 10" 10 
M where the peptide alone was not pressoric. These in 
vivo results suggested that a pressor action of the AT 2 
receptor was masked by the AT 2 receptor (Hong et al., 

1994) . AT 2 receptor gene null mice prepared by Ichiki et 
al. (1995) show an elevated systolic and diastolic pres- 
sure, indicating that the AT 2 receptor has a depressor 
effect. In a renal wrap Grollman hypertension model, 
AT 2 receptor blockade normalized blood pressure, 
whereas AT 2 receptor antagonism significantly in- 
creased blood pressure but decreased renal interstitial 
concentration of bradykinin and nitric oxide (Siragy and 
Carey, 1999). These results suggest that the AT 2 recep- 
tor mediates counterregulatory vasodilation. Similarly, 
AT 2 receptor activation with CGP42112 facilitates in 
SHR the depressor response caused by an AT X receptor 
antagonist (Barber et al., 1999). On the other hand, in 
adult conscious SHR a concomitant infusion of Ang II 
and the AT 2 antagonist, PD123319, did not result in 
blood pressure elevation, whereas the AT X antagonist, 
losartan, consistently lowered blood pressure in the 
presence or absence of Ang II (Gohlke et al., 1998) 

Thus, although the results of several studies suggest 
that the AT 2 receptor exerts depressor effects upon stim- 
ulation by Ang II or III, there is also evidence against 
the idea of AT 2 as a vasodilator. It appears that, under 
normal conditions, the pressor effect of the AT X receptor 
exerts a dominant effect, and overall effect of Ang II is 
directed to blood pressure elevation. A defect of the AT 2 
receptor, either genetic or otherwise, could lead to an 
elevation in blood pressure or increased sensitivity to 
Ang II or III. On the other hand, blockade of AT X recep- 
tor in juxtaglomerular cells by selective AT X receptor 
antagonists increases circulating Ang II, which will then 
interact with the unopposed AT 2 receptor. Stimulation 



of AT 2 receptors could thus contribute to a further de- 
crease of blood pressure. However, the exact mechanism 
of AT 2 receptor-mediated depressor effect is still not 
clear. 

3. Vascular Hypertrophy and Fibrosis and the AT 2 
Receptor. Arterial hypertrophy, remodeling, and fi- 
brotic changes induced by chronic adrninistration of Ang 
II have been believed to be due to diverse effects medi- 
ated by the AT X receptor. However, when normotensive 
rats received a chronic (3 weeks) s.c. infusion of Ang II 
(120 ng/kg/min) : Ang II + losartan (10 mg/kg/day) or 
Ang + PD123319, it was the AT 1 receptor blocked (with 
losartan) rat that showed a marked increase in collagen 
and elastin in the thoracic aorta, despite normal blood 
pressure maintained by losartan. By contrast, collagen 
and elastin in the Ang II-PD123319-treated rats were at 
low control levels despite markedly elevated blood pres- 
sure. Media thickness was also increased in the AT 2 - 
blocked rats rather than ATj-blocked animals (Levy et 
al., 1996; Cao et al., 1999). A persuasive explanation for 
these intriguing observations, which were not confirmed 
by Li et al. (1998a) and are in disagreement with a host 
of reports on the antigrowth effects of the AT 2 receptor 
in many tissues mcluding the vasculature (Horiuchi et 
al., 1999; Unger, 1999) is not yet available. 

4. Renal Tubular Function. The presence of an 
AT 2 -like (termed AT 1B ) receptor in renal tubules partic- 
ularly in the proximal tubules have been reported by 
Douglas and associates (Douglas, 1987; Ernsberger et 
al., 1992; Dulin et al., 1994). However, AT 2 mRNA is not 
readily detected in adult rat kidney. On the other hand, 
the AT X receptor is clearly expressed in the glomeruli 
and in the inner stripe of the outer medulla. Glomerular 
AT X receptors may control the hemodynamic function of 
the kidney. 

The AT 2 receptor seems to have some detectable effect 
on renal tubular function. The AT 2 selective antagonist, 
PD123319, infused i.v. at 300 j^g/kg/min into anesthe- 
tized dogs increased free water clearance 4-fold and 
sodium excretion 3 -fold, whereas the AT X selective losar- 
tan had only insignificant effects on the tubular func- 
tions (Keiser et al., 1992). In these experiments, renal 
blood flow was decreased only by 10%. On the other 
hand, salt replete dogs infused with PD 123177 into the 
renal artery did not show appreciable changes in free 
water clearance and natriuresis (Clark et al., 1993). 
When the hemodynamic function and tubular function 
are dissociated by maintaining the renal blood flow con- 
stant using inflatable aortic cuffs above and below the 
renal artery of an unilaterally nephrectomized rat (Ro- 
man et al., 1984), infusion of the AT 2 blocker, PD 123319, 
rapidly induces an increase in diuresis and natriuresis. 
As the extent of diuresis was perfusion pressure-depen- 
dent, it is considered to represent "pressure natriuresis". 
CGP42112, an AT 2 agonist, suppresses the diuretic re- 
sponse. The glomerular filtration rate remained remark- 
ably constant (Lo et al., 1995). These results can be 
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interpreted to mean that AT 2 receptor stimulation by ' 
Ang II induces Na + retention when kidney perfusion 
pressure is increased. In contrast, in conscious rats with, 
a chronic microdialysis cannula in the renal medullary 
interstitium, AT X receptor blockade showed a marked 
diuretic effect, whereas AT 2 receptor blockade by 
PD123319 did not exert any actions on water clearance 
or natriuresis. When animals were placed on a low-salt 
diet, cGMP and PGE 2 in the microdialysate from the 
kidney interstitial fluid were generally increased 2- to' 
3-fold over a 5-day period. Upon infusion of losartan, 
PGE 2 was reduced to the basal level of rats on regular 
diet, whereas cGMP was not affected. PD 1233 19 mark- 
edly increased (~4-fbld) PGE 2 and reduced cGMP to 
basal levels. Losartan plus PD123319 reduced PGE 2 to 
basal levels overriding the effect of PD123319, whereas 
cGMP was essentially regulated by PD123319. These 
results indicate that the AT 2 blocker, PD123319, rapidly 
induces an increase in diuresis and production of cGMP, 
which is regulated primarily by the AT 2 receptor, 
whereas the AT L receptor has no effect. On the other 
hand, PGE 2 production was abolished by losartan and 
was markedly increased by PD123319 (Siragy and 
Carey, 1996, 1997a,b). Similar microdialysis has indi- 
cated that tissue bradykinin, nitric oxide, and PGF2a 
formation were released upon stimulation of the AT 3 
receptor (Siragy et al„ 2000). 

In AT 2 receptor knockout mice, a subpressor dose of 
Ang II inhibits natriuresis and diuresis suggesting that 
the AT 2 receptor stimulation physiologically increase 
pressure natriuresis and that this effect is sustained 
over a prolonged period (Siragy et al., 1999). An expla- 
nation for the discrepancy with the data of Lo et al. 
(1995) is not obvious as yet. 

5. Neuronal Cell Differentiation and Nerve Regenera- 
tion. Cultured Schwann cells express both ATj and 
AT 2 receptors, and Ang II decreases the expression of 
the neurite-promoting protease nexin-1. Blockade of the 
AT X receptor or stimulation of the AT 2 receptor leads to 
a severalfold increase of nexin-1 favoring nerve regen- 
eration (Bleuel et al., 1995). Similarly, treatment of non- 
differentiated NG108-15 or PC12W cells with Ang H or 
nerve growth factor induces growth arrest and morpho- 
logical differentiation of neuronal cells including neurite 
outgrowth and up-regulation of polymerized tubulin as 
well as microtubule-associated protein MAP2c expres- 
sion and differential regulation of neurofilament M 
(Laflamme et al., 1996; Meffert et al., 1996; Gallinat et 
al., 1997; Stroth et ah, 1998). These effects were mim- 
icked by the AT 2 receptor agonist, CGP42112A, and 
abolished by coincubation with the antagonist, 
PD123319. The underlying signaling mechanisms may 
include inhibition of p21 ras as well as activation of 
MAPK (Gendron et al., 1999; Stroth et al., 2000). Re- 
pression of c-fos and c-jun expression does not seem to be 
involved in AT 2 receptor-mediated growth arrest and 
cell differentiation in PC12W cells (Steckelings et al., 



1998). Moreover, there is a marked up-regulation of AT 2 
receptor mRNA in regenerating neurons in response to 
nerve crush coinciding, as an AT 2 expression wave from 
proximal to distal, with the regeneration of nerve fibers 
(Gallinat et al., 1998). Both in vitro and in vivo, Ang II 
promotes axonal elongation of postnatal retinal explants 
and dorsal root ganglia neurons and, in adult rats, ax- 
onal regeneration of retinal ganglion cells after optic 
nerve crush. This effect is completely abolished by an 
AT 2 receptor antagonist but not affected by an AT t re- 
ceptor antagonist (Lucius et al., 1998). Thus, the AT 2 
receptor plays a role in neuronal cell differentiation and 
nerve regeneration via regulation of the cytoskeleton, 
whereas the AT X receptor may inhibit this process (lin- 
ger, 1999). 

H. Summary 

AT 2 receptor expression is widespread. However, in 
several tissues it disappears after birth or when cells are 
transferred in culture in the presence of serum and 
growth factor. On the other hand, a sometimes dramatic 
up-regulation of the AT 2 receptor can occur after tissue 
injury. Research on the AT 2 receptor has revealed ac- 
tions differing greatly from those of the AT X receptor 
such as antiprohferative effects in several tissues, cellu- 
lar differentiation, nerve regeneration, and apoptosis. It 
appears that the AT 2 receptor often plays the role of a 
modulator of biological programs in tissue development 
or repair. 

The signaling mechanisms of the AT 2 receptor are 
diverse, and only a few of them have as yet been char- 
acterized reasonably well. In some cases they are cou- 
pled to Gj proteins. One pathway in neurons (and per- 
haps other tissues) involves activation of protein serine/ 
threonine phosphatase PP2A, which leads to the 
activation of the delayed rectifier K + -channel (outward 
K + current in neuronal cells). This will result in hyper- 
polarization of plasma membranes that suppress cellu- 
lar activities stimulated by depolarization. A second sig- 
naling pathway involves the activation of protein 
phosphotyrosine phosphatases (PTPa3es), which are of 
pivotal importance to prevent or rapidly shut off unde- 
sired and uncontrolled growth of normal tissues. 

The AT 2 receptor lacks the mechanism of rapid desen- 
sitization, internalization, and low-affinity shift by GTP. 
Molecular mechanisms underlying such a unique signal- 
ing mechanism have not been clarified and warrant 
further intensive investigation. 

Arachidonic acid release from cardiac myocytes lead- 
ing to the activation of Na + /THCO s symporter may be a 
unique regulatory mechanism of cardiac myocytes. Re- 
lease of nitric oxide with subsequent formation of cGMP 
appears to be another important intracellular effect of 
AT 2 stimulation occurring in vascular and renal tissues. 
In many adult tissues, the modulatory or suppressive 
actions of the AT 2 receptor, often counteracting the AT X 
receptor-mediated stimulatory actions, require measure 
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of reduction in activities, which is technically more dif- 
ficult than measurement of increased activity from a 
very low level. This may have been the reason for which 
the AT 2 receptor has sometimes escaped the attention of 
investigators. Chronic application of AT 2 antagonists 
and AT 2 receptor gene deletion are beginning to reveal 
the role of AT 2 receptor in the maintenance of, or restor- 
ing normality not only in the cardiovascular system but 
also in other tissues e.g., the central nervous system. A 
possible role of AT 2 receptor in apoptosis of mesenchy- 
mal cells in conjunction with other factors is beginning 
to be clarified as an important basis of organogenesis, 
failure of which may lead to some childhood diseases. 

IV. The AT 4 Receptor 

In 1990, during the process of purifying and sequenc- 
ing the AT X receptor type, it was noticed that heat- 
denatured purified receptor from the bovine adrenal 
gland lost binding with 126 I-Sar 1 ,Ile e Ang II, whereas 
125 LAng III binding persisted. At first it was suspected 
that an angiotensin receptor specific to Ang III was 
isolated. However, with sufficient peptidase inhibitors 
added to prevent the conversion of Ang III to shorter 
fragments, this binding activity was lost. This was puz- 
zling given that the two known receptor types at that 
time, ATj and AT 2 , each accepted Ang II and Ang III as 
ligands, albeit with different affinities. A fragment of 
Ang III was suspected to be acting at this new site 
because Sar 1 ,Ang II, Sar 1 ,ILe 8 Ang II (Sarile), Sar 1 ,Ala s Ang 
II (Saralasin), DuP753 Qosartan), PD123177, CGP42112A 
Ang 11(1-7) and Ang III did not serve as ligands (Harding 
et al„ 1992; Swanson et ah, 1992). In fact, 126 I-Ang 11(3- 
8) [Ang IV] did bind at this site reversibly, saturably, and 
with high affinity (K d = 1 nM) (Harding et al., 1992; 
Swanson et al., 1992; Sardinia et al., 1993). Having iden- 
tified a ligand that bound at this site it was possible to 
determine its brain distribution using in vitro autoradio- 
graphic techniques. The brain distribution of this receptor 
site was unlike that of either the AT 1 or AT 2 receptors. The 
greatest concentrations of what has now been termed the 
AT 4 . site (IUPHAR Nomenclature Committee, de Gasparo 
et al., 1995) were in structures classically associated with 
cognitive processes and sensory and motor functions, not 
in structures associated with the functions of body water 
balance, cardiovascular regulation, and control of repro- 
ductive hormones and behaviors where the Al\ receptor is 
predominant. The following sections summarize what is 
presently known about this new Ang rV7AT 4 system with 
emphasis on signaling mechanisms, tissue distributions, 
the development of analogs that act as agonists and antag- 
onists, and the physiologies and behaviors associated with 
this AT 4 site. 

A. Signaling Mechanisms . 

Given that small peptides are able to activate the AT 4 
receptor and that the vast majority of small peptide 



receptors are G protein-linked, it would seem logical to 
predict that the AT 4 receptor might be a serpentine, G 
protem-linked receptor as well. This, however, does not 
appear to be the case since the AT 4 receptor exhibits a 
molecular weight between 160 and 190 kDa as deter- 
mined by reduced SDS-poIyacrylamide gel electrophore- 
sis. Of particular interest is the observation that the 
adrenal AT 4 receptor may be multimeric. This sugges- 
tion comes as a result of nonreducing gels that indicate 
a second specifically labeled band at 225 kDa. A similar 
molecular weight has been observed for other bovine 
tissues including heart, thymus, kidney, bladder, aorta, 
and hippocampus (Zhang et al., 1999). Bernier et al. 
(1995) have reported a similar molecular weight for the 
binding subunit of the AT 4 receptor in bovine aortic 
endothelial cells. Together these data all but preclude 
the linkage of AT 4 receptors to G proteins. The lack of 
linkage to G proteins is further supported by the obser- 
vation that GTPyS fails to alter 125 I-Ang IV binding in 
rabbit heart (Hanesworth et al., 1993), guinea pig brain 
(Miller-Wing et al., 1993), and rat vascular smooth mus- 
cle (Hall et ah, 1993). However, a single report by Dulin 
et al. (1995) indicates that GTP-yS can inhibit binding in 
opossum kidney cells. As experienced with the AT 2 re- 
ceptor, a definite conclusion has to wait the cloning of 
the AT 4 receptor. 

The initial events that characterize AT 4 receptor in- 
tracellular signaling mechanisms are presently un- 
known. Nevertheless, downstream targets appear to in- 
clude immediate early genes. Intracerebroventricular 
infusion of Ang IV in rats induces c-Fos expression in 
brain regions associated with cognition (Roberts et al., 
1995). Angiotensin IV agonists can also stimulate c-Fos, 
c-Jun, and egr-1 in isolated, nonstimulated rabbit hearts 
(Slinker, personal cormnunication). Studies carried out 
in the laboratory of Vaughan (Kerins et al., 1995) indi- 
cate that AT 4 activation increases the expression of plas- 
minogen activator inhibitor, PAI-1, and is blocked by 
coapplication of an AT 4 receptor antagonist. However, a 
possible involvement of the AT X receptor has been pos- 
tulated both in vitro and in vivo (Brown et al., 1999; 
Chabielska et al., 1999; Goodfield et al., 1999; Sironi et 
al., 1999). 

A final area of investigation indirectly associated with" 
AT 4 signaling is the identification of endogenous ligands 
for the AT 4 receptor. The first putative ligand identified 
for the AT 4 receptor was the hexapeptide, Ang IV. Al- 
though Ang TV is known to be present in the circulation 
(Semple et al., 1976) and is generated from Ang II or Ang 
III (Abhold and Harding, 19S8), recent studies (M0eller 
et al., 1997) indicate that other peptides like LW-he- 
morphin-7 are also capable of binding and activating 
AT 4 receptors. This is not surprising given that the 
structural requirements for AT 4 ligands are fairly min- 
imal. Presumably, other putative ligands will be found 
in the future. 



456 



DE GASPARO ET AL. 



B. Tissue Distribution of the AT 4 Receptor 

1. Brain. To date, brain distributions of the AT 4 
binding site using in vitro autoradiography have been 
completed in rat (Roberts et al., 1995), guinea pig (Mill- 
er-Wing et al., 1993), macaco, fascicularis (M0eller et al., 
1996a), rhesus monkey (Wright et al., 1995), and human 
(hippocampus only; Harding, unpublished observa- 
tions), and there is cross-species consistency. The pre- 
dominant brain distribution of AT 4 receptor is presented 
in Table 6 by comparison with the AT X and AT 2 recep- 
tors. The highest densities of the AT 4 site are located in 
regions involved in cognitive processing, and motor and 
sensory functions. Specifically, the AT 4 receptor site is 
prominent in structures associated with the cholinergic 
system (M0eller et al., 1996a). This system is composed 
of two major pathways: one from the basal forebrain 
with cell bodies located in the nucleus basalis magnocel- 
lularis, which project primarily to the neocortex, 
whereas the other originates in the medial septum-di- 
agonal band of Broca complex and projects primarily to 
the hippocampus (Wenk et al., 1980; Mesulam et al., 
1983; Dutar et al., 1995). There are also additional pro- 
jections to the amygdala and thalamus presumed to be 
involved in the integration of subcortical contributions 
to this system (Goldman and Cote, 1991), and the piri- 
form cortex. 

Equally impressive binding has been reported in 
structures associated with motor function including the 
ventral horn of the spinal cord (i.e., spinal motor nuclei) 
(M0eller et al., 1995, 1996a; Wright and Harding, 1995) 
inferior olivary nucleus, motor trigeminal nucleus, ves- 
tibular and reticular nuclei of the hindbrain, red nu- 
cleus, oculomotor nucleus, substantia nigra, and ventral 
tegmentum of the midbrain. In the forebrain, consider- 
able binding is present in the globus paUidus, caudate- 
putamen, and nucleus accumbens (Miller-Wing et al., 
1993; M0eller et al., 1995, 1996a). There are also high 
densities of AT 4 receptors in the granular cell layer of 
the cerebellum and deep cerebellar nuclei (Miller-Wing 
et al., 1993), as well as Betz cells of the primary motor 
neocortex (M0eller et al., 1996a). AT 4 receptors have also 
been identified in brain autonomic nuclei such as the 
dorsal motor nucleus of the vagus, nucleus ambiguus, 
rostral ventral lateral medulla, and paraventricular nu- 
cleus of the hypothalamus (Mueller et al., 1995, 1996a). 

Finally, less dense distributions of AT 4 sites have 
been identified in sensory associated structures includ- 
ing spinal trigeminal nuclei, the coUicuU, gracile and 
cuneate nuclei, and lateral geniculate nuclei, thalamic 
nuclei (anterior, lateral, and ventral), lateral olfactory 
tract, and primary sensory neocortex (Miller-Wing et al., 
1993; M0eller et al., 1995, 1996a). 

A comparison of the adult brain structures most 
densely distributed with AT L , AT 2 , and AT 4 receptors 
reveal some overlap (Table 7). Most notably in the dorsal 
motor nucleus of the vagus, inferior olivary nucleus, 



cerebellum, superior colliculus, lateral geniculate nu- 
cleus, and paraventricular nucleus (Hohle et al., 1995; 
Wright and Harding, 1995, 1997; Mtfeller et al., 1996a). 
However, there are structures rather uniquely distrib- 
uted with AT 4 receptors. These include: reticular forma- 
tion (motor areas), motor trigeminal and vestibular nu- 
clei, cuneate and gracile nuclei, ventral tegmental area, 
periaqueductal gray, caudate-putamen, medial habe- 
nula, nucleus basalis of Meynert, hippocampus, piriform 
cortex, Betz cells in neocortex, and granular layer of the 
cerebellum. 

2. Peripheral Tissue. Table 8 provides the binding 
constants for AT 4 receptors located in several peripheral 
tissues. Bovine adrenal cortex revealed a mean (± S.D.) 
K d value of 0.7 (± 0.14) nM and a £ ma3 . value of 3.82 (± 
1.12) pmol/mg of protein for 13S I-Ang IV (Harding et al., 

1994) . The binding of 126 I-Ang IV at this AT 4 site could 
not be inhibited with Ang II, Sar 1 ,ne s Ang II, Ang n(l- 
7), DuP753, CGP42112A, PD123177. The metabolically 
resistant form of Ang HI, [D-Arg^Ang III had a signif- 
icantly lower apparent binding affinity for this site. 

Monkey kidney displayed a K A value of 1.5 (± 0.31) 
nM and a B max value of approximately 1.0 (± 0.21) 
pmol/mg of protein (Harding et al., 1994). Autoradio- 
graphic analyses of rat kidney indicated heavy concen- 
trations of AT 4 receptors in the outer stripe of the me- 
dulla and a few receptors in glomeruli and the core of the 
medulla (Harding et al., 1994; Coleman et al., 1998). The 
reverse pattern was observed for 125 I-Sar 1 ,He s Ang II 
bmding to the AT X and AT 2 receptor sites. 

Rat, guinea pig, and rabbit hearts revealed heavy 
concentrations of AT 4 receptors with K d values of 3.3(± 
1.1), 1.8S(± 0.02), and 1.75{± 0.5) nM, respectively. Cor- 
responding B max values were: 0.32(± 0.03), 0.14(± 0.02), 
and 0.73(± 0.16) pmol/mg of protein (Wright et al., 

1995) . Autoradiographic analyses indicated heavy 
[ 125 rjAng IV binding throughout the heart muscle. 
Guinea pig and bovine vascular smooth muscle evi- 
denced considerable binding with K A values of 0.40(± 
0.09) and 1.85(± 0.45) nM, respectively. The J5 maK values 
were: 1.04(± 0.24) and 0.96(± 0.1) pmol/mg of protein, 
respectively. Binding constants for other tissues of in- 
terest, such as guinea pig colon and spleen, human blad- 
der and prostate, are also included in Table 8. 

C. Development of Agonists, and Antagonists 

1. Binding Requirements ofAT 4 Receptor. The char- 
acteristics of the Ang IV molecule that result in high- 
affinity bmding at the AT 4 type are much different than 
those described above for the AT a receptor. Specifically, 
they include the following. 1) Removal of the N-terminal 
valine significantly reduces binding affinity as compared 
with Ang IV (K d « 2.6 ■ 10" 9 M) (reviewed in Wright et 
al., 1995). 2) Glycine substitution in positions 1, 2, or 3 of 
the Ang IV molecule or the use of D-isomers at these 
positions, greatly reduces affinity (Sardinia et al., 1993). 
3) On the other hand, positions 4, 5, and 6 can accom- 
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TABLE 7 




Predom inant brain distributions of the three angiotensin receptor types identified in the mammalian brain" 






AT 4 


Structures: Amygdala 




Amygdala 








Area postrema 


Amygdala 


Caudate-putamen 




Caudate putamen 












Hypoglossal nucleus 


Dorsal motor nucleus of the vagus 






Globus pallidum 




Infenor olivary nucleus 


Habenula 




Lateral habenula 


Hippocampus 






Inferior colliculus 






Inferior olivary nucleus 






Lateral geniculate 


Nut;", en b of the solitary tract 


Septum 


Lateral olfactory traet 
Locus ceruleus 


Olfactory bulbs organum 


Thalamus 


Vasculosum af the lateral terminalis 


Ventral tegmental area 


Nucleus hasalis of magnocellularis 


Paraventricular nucleus 




Nucleus accumbens 


Septum 




Nucleus cuneatus 


Subforical organ 




Nucleus gracilus 


Superior calliculus 




Paraventricular nucleus of hypothalamus 


Supraoptic nucleus 




Periaqueductal gray piriform cortex 


Ventromedial hypothalamic nucleus 




Septum 


Red nucleus 




Spinal cord-ventral horn 






Substantia nigra 






Superior coUiculus 






Thalamus 






Ventral tegmental area 



■ Adapted from Wright and Harding (1997). 



TABLE 8 



Binding . 


constants for AT 4 receptors i 


n various specu 


!S and tissues 










Rabbit 




nM 


fnwllmg protein 


Heart 


1.75 + a5° 


731 ± 163 


Rat 


Heart 


3.3 ± 1.1 


320 ± 66 




Adrenals 


0.74 ± 0.14 


3820 ± 1120 


Guinea pig 


Heart 


1.33 + 0.02 


144 ± 19 


Guinea pig 


Hippocampus 


1.29 ± 0.18 


499 ± 62 


Bovine 


Vascular smooth muscle 


1.85 ± 0.45 


960 ± 100 


Bovine 


Vascular smooth muscle 


0.70 ± 1.0 


476 ± 57 


Guinea pig 


Vascular smooth muscle 


0.40 ± 0.09 


1040 ±239 


Monkey 


Kidney 


1.5 ± 0.31 


1000 ± 212 


Guinea pig 


Colon 


0.B4 ± 0.08 


659 ± 75 


Human 


Prostate 


0.60 ± 0.15 


1399 ± 162 


" Mean ± SJ3„ n = 2-4. Study performed • 


with 125 I-Ang IV. 





modate several amino acid constituents without signifi- 
cantly impacting affinity. A detailed study of position 1 
of Ang IV revealed the following specific characteristics. 
1) High affinity binding necessitates the presence of a 
primary amine in position 1. Methylation, cyclization, or 
removal of the N-terrainai amine yields a dramatic loss 
of affinity. 2) Hydrophobic residues in position 1 produce 
the greatest binding affinity. Thus, norleucine'-Ang IV 
with a 4-carbon straight chain aliphatic group in posi- 
tion 1 results in a very high affinity (if d 3,zmd.l0 -12 
M). The addition of the amino group in position 1 signif- 
icantly lowered affinity as compared with analogous 
straight chain analogs. 3) The amino acids substituted 
in position 1 must be in the L-configuration. For exam- 
ple, replacing L-norleucine with D-norleucine in position 
1 significantly reduces affinity (K d ** 6 • 10~ 7 M). Rea- 
sonably high affinity can be achieved with a CH 2 -NH 
isostere substituted for the 1-2 bond. These isosteres 
permit increased rotation around the peptide bond (Sar- 



dinia et al., 1994). They also introduce a formal positive 
charge with a bond length similar to the normal peptide 
bond accompanied by increased metabolic stability. Po- 
sition 2 of the Ang IV molecule requires an aromatic 
amino acid in the L-configuration to achieve high-affin- 
ity binding. Position 3 requires a hydrophobic amino 
acid also in the L-configuration. Thus, the requirements 
for significant occupancy and activation of the AT 4 re- 
ceptor type include a cluster group of Val-Tyr-Ile-Ri-Rs- 
R 3 . Removal of phenylalanine from the C terminus of 
Ang IV yields a bmding affinity, which is nearly equiv- 
alent with that of native angiotensin IV, but is physio- 
logically inactive as measured by its influence on blood 
flow. With further successive removal of ammo acids, 
binding affinity declines such that the K A value for Ang 
IV(l-4) « 5.7 • 10 _s M, and for Ang IVU-3) « 4.8 • 1CT 7 
M (reviewed in Wright et al., 1995). In sum, the minimal 
ligand requirements for an Ang rV-like peptide to bind 
with reasonably high affinity at the AT 4 receptor type 
appears to be Val-Tyr-Ile-R-L-Ra, although an agonist 
appears to require the addition of phenylalanine at the C 
terminus yielding a required structure of Val-Tyr-Ile-R]- 
R 2 -Phe. 

2. Antagonists of tlve AT 4 Receptor. Antagonists of 
the AT 4 receptor type have been reasonably difficult to 
design and synthesize. Harding's laboratory has had 
success with the substitution of Val for lie in the third 
position of Ang IV accompanied by reduced peptide 
bonds between Val-Tyr and Tyr-Val (i.e., Val-Tyr-Val- 
His-Pro-Phe). This compound called divalinal-Ang IV 
(Krebs et al., 1996) binds at the AT 4 receptor type with 
high affinity to a similar number of binding sites as 
125 I-Ang IV. It does not bind at the ATj and AT 2 receptor 
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types and has been shown to prevent Lev. Ang TV- 
induced c-Pos expression in rats (Roberts et aL, 1995), 
Ang IV-induced elevation in cerebral (Kramar et aL, 

1997) and kidney cortical blood flow (Coleman et aL, 

1998) , and Ang IV-induced inhi bition of proximal tubule 
Na + transport (Handa et aL, 1998). 

D. Physiology Associated with the AT 4 Receptor 

1. Regulation of Blood Flow. Haberl et aL (1991) 
have reported dilation of rabbit pial arterioles with top- 
ical application of Ang IV using the closed cranial win- 
dow technique {Haberl, 1994). Ang IV-induced dilation 
was dependent upon pretreatment with exogenous L- 
arginine. Application of L-arginine alone resulted in only 
minimal vasodilation (+4% at 10 -5 M), whereas coap- 
plication of L-arginine and Ang IV produced a 20+% 
vasodilation. Pretreatment with methylene blue blocks 
vasodilation suggesting that it is dependent upon an 
endothelial-dependent factor, probably nitric oxide 
(Riedel et aL, 1995). A degradation product of Ang II 
could therefore induce this endothelium-dependent dila- 
tion (Haberl et aL, 1991). 

Laser Doppler flowmetry was used to measure Ang 
IV-induced increase in blood flow within the cerebral 
cortex (Kramar et aL, 1997) and kidney cortex (Swanson 
et aL, 1992; Harding et aL, 1994; Coleman et aL, 1998). 
Angiotensin IV was intra-arterially administered via 
the internal carotid or renal arteries, respectively. An- 
giotensin II induced decreases in blood flow in these 
preparations. Pretreatment with DuP753 blocked sub- 
sequent Ang II-induced reductions in cerebral or renal 
cortical blood flow, whereas both PD123177 and divali- 
nal-Ang IV failed to inhibit these responses. In contrast, 
pretreatment with the antagonist divalinal-Ang IV 
blocked the Ang IV-induced elevation in cerebral or re- 
nal cortical blood flow, whereas pretreatment with 
DuP753 or PD123177 failed to influence this response. 
In a related study, Kramar et al. (1998) have noted that 
pretreatment with the NO synthase inhibitor, A^-nitro- 
L-arginine (L-NAME) blocked the vasodilatory effect of 
Ang TV suggesting that this Ang IV-induced elevation in 
cerebral blood flow is dependent upon the synthesis and 
release of NO from vascular endothelial cells. Similar 
results have been obtained by Coleman et al. (1998) 
concerning kidney cortical blood flow. 

Finally, Naveri et al. (1994a,b) have noted that i.v. 
administration of Ang IV reversed the decreases in ce- 
rebral blood flow that accompanies experimentally in- 
duced subarachnoid hemorrhage. Pretreatment with the 
nonspecific AT X and AT 3 receptor antagonist, Sa^-Iie 8 
Ang II, failed to influence this Ang IV-induced effect 
suggesting that the elevation in blood flow was mediated 
by the AT 4 receptor type. Taken together these results 
argue in favor of important roles for angiotensins II, III, 
and IV in the control of blood flow. In contrast with the 
above findings, Gardiner et al. (1993) have noted Ang 
TV-induced reductions in renal and mesenteric blood 



flows and vascular conductances in conscious rats using 
implanted pulsed Doppler flow probes. Pretreatment 
with DuP753 blocked these responses suggesting medi- 
ation by the AT X receptor type. The authors concluded 
that Ang TV acts as a weak agonist at the AT X receptor 
type. In agreement with these findings, Fitzgerald et aL 
(1999) infused Ang TV via the left renal artery and noted 
dose-dependent reductions in renal artery blood flow via 
transit-time flow probes placed around the artery. Once 
again these responses could be blocked by pretreatment 
with DuP753. Infusion of LW-hemorphin-7 failed to 
alter blood flow. Presently it is difficult to resolve these 
conflicting results. Those reports noting Ang TV-medi- 
ated vasoconstriction determined that it was mediated 
by the ATj receptor type. Those reports noting Ang 
TV-induced vasodilation attributed it to the AT 4 receptor 
type. These Ang TV responses have been further sepa- 
rated into direct and indirect effects. Specifically, pre- 
treatment with L-NAME prevented subsequent Ang TV- 
induced elevations in cerebral (Kramar et al., 1998) and 
renal cortical blood flow (Coleman et al., 1998). Nossa- 
man et al. (1995) have shown that L-NAME and the 
cyclooxygenase inhibitor, meclofenamate, shift the Ang 
TV-induced vasoconstrictor dose-response curve in the 
pulmonary circulation. These researchers concluded 
that Ang TV could be promoting the release of vasodila- 
tors such as prostaglandins and nitric oxide. Consistent 
with these results, Yoshida et al. (1996) found the vaso- 
constriction induced by Ang TV to be initially facilitated 
by L-NAME, and by L-NAME and indomethacin (another 
cyclooxygenase inhibitor). In contrast, Li et al. (1997) 
have reported that indomethacin failed to impact the 
Ang TV dose-response curve in isolated human saphe- 
nous veins. Recently, Patel et al. (1998) and Hill-Kap- 
turczak et al. (1999) determined that blockade of AT ± 
and AT 3 receptor types failed to influence Ang II-in- 
duced NO release, or the release of NO synthase (NOS). 
Ang TV stimulated significantly greater NO release and 
greater endothelial-type constitutive NOS activity than 
the equivalent dose of Ang II. Divalinal-Ang TV blocked 
these Ang II and Ang TV-mediated NO effects and NOS 
activation. The authors concluded that the Ang TV/AT 4 
system is primarily responsible for the Ang II facilita- 
tion of NO release and endothelium-dependent vasore- 
laxation. This endothelial cell NOS activation appears to 
be regulated by intracellular Ca 2+ release and increased 
expression of calreticulin {Patel et al., 1999). Resolution 
of these issues awaits further investigation. 

2. Cardiac Hypertrophy. Autoradiographic analyses 
ut ilizing 125 I-Ang TV reveals considerable binding in 
guinea pig and rabbit heart membranes that is distinct 
from AT a or AT 2 receptor types (Hanesworth et aL, 
1993). Angiotensin TV binding has also been shown us- 
ing cultured vascular smooth muscle cells (Hall et aL, 
1993), coronary microvascular endothelial cells (Jarvis 
et aL, 1992; Hall et al., 1995), and cultured rabbit car- 
diac fibroblasts (Wang et al., 1995b). Baker et al. (1990, 
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1992) have reported that Aug IV blocks increases in 
RNA and protein synthesis initiated by Ang II in chick 
cardiocytes. Rats, predisposed to left ventricular hyper- 
trophy via abdominal aortic coarctation, revealed signif- 
icant accumulations of collagen that is facilitated with 
the AT 4 receptor antagonist, divalinal-Ang IV, and sig- 
nificantly reduced when treated with the AT 4 receptor 
agonist norleucine^Ang IV. These results point to a 
potentially important role for the Ang IV/AT 4 system in 
collagen accumulation in hypertrophied hearts. 

3. Renal Tubular Reabsorption. Autoradiograms uti- 
lizing 125 I-Ang IV demonstrate heavy distributions of 
AT 4 sites in the outer stripe of the outer medulla with 
diffuse labeling of the cortex (Coleman et al., 1998). This 
binding of Ang IV was not influenced by the specific AT a 
receptor antagonist losartan, or the AT 2 receptor antag- 
onist PD 123 177. However, the AT 4 receptor antagonist, 
divalinal-Ang IV, or Ang IV, completely displaced this 
binding. Emulsion autoradiography determined that 
these AT 4 receptors are localized on cell bodies and 
apical membranes of convoluted and straight proximal 
tubules (Handa et al., 1998). Activation of these recep- 
tors by Ang IV produced a concentration-dependent de- 
cline in sodium transport as measured by rate of tissue 
oxygen consumption (Handa et al., 1998), Thus, these 
results provide strong evidence that Ang IV acts on 
tubular epithelium to inhibit sodium reabsorption. This 
natriuretic effect of Ang IV has been confirmed using in 
vivo infusion via the renal artery in anesthetized rats. 
Urine sodium concentration was found to significantly 
increase, whereas urine volume and glomerular filtra- 
tion rate were not affected. This Ang IV-induced natri- 
uresis was unaffected by pretreatment with DuP753 but 
was blocked with divalinal-Ang IV. These results sup- 
port an important role for Ang IV in the control of 
sodium transport by the kidney (Ardaillou and Chansel, 
1996). 

4. Electrophysiological Analysis. Albrecht and col- 
leagues (1997a) have investigated the ability of micro- 
iontophoretic administration of Ang IV to influence neu- 
rons in the hippocampus and in the dorsal lateral 
geniculate nucleus (Albrecht et al., 1997b). Of 43 hip- 
pocampal neurons tested, Ang IV produced a greater 
than 40% increase in firing frequency in 16 of these cells 
(37%) with a decrease in three neurons. Of the 72 hip- 
pocampal neurons tested with Ang II, 21 evidenced a 
greater than 40% elevation in firing rate (29%), with a 
decrease in eight cells. With both Ang II and Ang IV the 
excitation effects were seen primarily in neurons that 
evidenced slower spontaneous discharge rates, whereas 
decreases in firing rate were usually seen in cells with 
higher spontaneous discharge rates. These changes in 
firing rates induced by Ang II could be blocked with the 
specific AT] receptor antagonist DuP753 (eight of ten 
neurons examined), however the specific AT 4 receptor 
antagonist divalinal-Ang IV was ineffective. On the 
other hand divalinal-Ang IV was effective at blocking 



the Ang IV-induced increases in discharge rate in six of 
nine neurons tested, while DuP753 was ineffective. 
These results suggest that Ang II and Ang IV are acting 
at different receptors, i.e., AT L and AT 4 , respectively. 
Along these lines, the authors saw no evidence of cross- 
desensitization between Ang II and Ang IV. The authors 
suggest that the presumed colocalization of ATj and AT 4 
receptor types on the same hippocampal neurons sup- 
ports the notion that both Ang II and Ang IV are capable 
of influencing hippocampal neurons. 

Similar findings were obtained with angiotensin-sen- 
sitive geniculate neurons (Albrecht et al., 1997b). These 
investigators further reported that Ang II application 
produced a potent inhibition of .ZV-methyl-rj-aspartate- 
and kainate-induced facilitation of firing rates in some 
neurons, whereas increased discharge frequencies were 
observed in others. Ang IV was also found to block such 
glutamate receptor excitation in three neurons, whereas 
this excitation was facilitated in two neurons. Finally, 
these investigators found the iontophoretie application 
of Ang II onto these geniculate neurons suppressed 
light-evoked excitation (nine neurons) in some neurons, 
although other units also revealed facilitation (eight 
neurons). A similar evaluation of Ang IV indicated a 
facilitation of this light-evoked excitation in ten neurons 
and a suppression in seven neurons. These angiotensin 
effects could be blocked by the appropriate AT X or AT 4 
receptor antagonists. Furthermore, the suppression ef- 
fect of Ang II and Ang IV on light-evoked activity could 
itself be blocked by 7-aminobutyric acid receptor antag- 
onists. Albrecht et al. (1976) suggested that Ang II and 
Ang IV appear to act as neuromodulators in the dorsal 
lateral geniculate nucleus. Determination of the precise 
role of each ligand will require further investigation. 

5. Role of Ang IV in Learning and Memory, Intrac- 
erebroventricular injection of Ang IV leads to c-Fos ex- 
pression in the hippocampus and piriform cortex, 
whereas similar injection of Ang II failed to induce c- 
Fos-like immunoreactivity in these structures but did 
activate c-Fos expression in circumventricular organs 
(Roberts et al., 1995) as well as paraventricular nucleus, 
SON, and the medial preoptic nucleus (Zhu and Herbert, 
1996, 1997). Pretreatment with losartan prevented this 
Ang n-induced c-Fos-like immunoreactivity, whereas 
pretreatment with divalinal-Ang IV blocked the Ang 
IV-induced c-Fos expression (Roberts et al., 1995). There 
were no crossover effects demonstrated by these antag- 
onists. Along these lines, Braszko and colleagues (1988, 
1991) established that i.c.v. injected Ang II and Ang IV 
(1 nmol) were equivalent at facilitating exploratory be- 
havior in rats tested in an open field, and furthermore, 
improved recall of passive avoidance conditioning and 
acquisition of active avoidance conditioning. Intracere- 
broventricular treatment with divalinal-Ang IV (10 
nmol), disrupted recall of this response (Wright et al., 
1995). Metabolically resistant analogs of Ang P7 injected 
i.c.v. can be used to facilitate acquisition of successful 
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search patterns in a circular water maze task in scopol- 
amine-treated rats (Pederson et aL, 1998). Taken to- 
gether, these results suggest an important role for the 
Aug rV7AT 4 system in learning and memory processes. 
Recently Mueller et al. (1997) have isolated the globin 
fragment LW-hemorphin-7, a decapeptide (Leu-Val- 
Val-Tyx-Pro-Trp-Thr-Gln-Arg-Phe) that binds at the 
brain AT 4 receptor type, which could be the endogenous 
ligand that acts at this receptor. 

Finally, Delorenzi and colleagues (1997) have re- 
ported Ang IV facilitation of long-term memory of an 
escape response in the crab Cliasmagnathus. Angioten- 
sin II was also shown, to facilitate long-term memory in 
this species, although not as robustly; however, this Ang 
II effect could not be blocked by losartan or PD123177. 
These results suggest that the Ang IV/AT4 system may 
have been involved in invertebrate memory processes 
long before the emergence of mammals. 

E. Summary 

Eecently a new angiotensin receptor type, AT 4 , has 
been discovered and characterized that preferentially 
binds Ang 11(3-8), a fragment of angiotensin II, now 
referred to as Ang IV. This receptor site is prominent 
among brain structures concerned with cognitive pro- 
cessing, motor and sensory functions. Specifically, high 
densities of AT 4 sites have been localized in neocortex, 
piriform cortex, hippocampus, amygdala, and nucleus 
basalis of Meynert. Major motor structures with high 
levels of AT 4 receptors include basal ganglia, red nu- 
cleus, substantia nigra, ventral tegmentum, vestibular 
and reticular nuclei of the hindbrain, motor trigeminal 
nucleus, Betz cells of primary motor neocortex, cerebel- 
lum, and ventral horn of the spinal cord. Significant 
sensory structures include thalamus, the colk'culi, grae- 
ile and cuneate nuclei, lateral geniculate, lateral olfac- 
tory tract, and primary sensory neocortex. Peripheral 
tissues that reveal heavy distributions of AT 4 sites are 
kidney, bladder, heart, spleen, prostate, adrenals, and 
colon. 

The primary functions thus far associated with this 
Ang rV7AT 4 system include memory acquisition and re- 
call, the regulation of blood flow, inhibition of renal 
tubular sodium reabsorption, and cardiac hypertrophy. 
There are preliminary indications that this system may 
also be involved in neurite outgrowth (Mueller et al., 
1996b), angiogenesis, and stimulation of endothelial cell 
expression of PAI-1 (Kerins et al., 1995). The identifica- 
tion of additional functions awaits further elucidation of 
this new receptor system. Cloning of the AT 4 receptor 
will certainly substantiate its potential role in patho- 
physiology of the renin-angiotensin system. 

V. General Conclusions 

Most of the known effects of Ang II are mediated 
through the AT X receptor, e.g., vasoconstriction, aldoste- 



rone and vasopressin release, salt and water retention, 
and sympathetic activation without neglecting the im- 
portant autocrine and paracrine effects of Ang II on cell 
proliferation and migration and on extracellular matrix 
formation. The function of the AT 2 receptor has become 
unraveled over the last few years owing to various so- 
phisticated approaches including gene transfection and 
deletion. Accumulated published data suggests that the 
AT 2 receptor counterbalances the effect of the AT X re- 
ceptor in vitro as well as in vivo. There is an inactivation 
of MAPK, antiproliferation, promotion of apoptosis, dif- 
ferentiation and regeneration, opening of delayed-recti- 
fier K 4 " channels and closing of T-type Ca 2+ channels. 
The re-expression of the AT 2 receptor in various diseases 
suggests a role of this receptor in pathophysiology. 

The AT 4 receptor appears to be involved in memory 
acquisition and recall. Like the AT 2 receptor, it may also 
oppose the effect of the AT-l receptor as it regulates renal 
blood flow, inhibits tubular sodium reabsorption and 
affects cardiac hypertrophy. 

Cloning of the described angiotensin receptors and the 
ability to express these clones in mammalian cells will 
allow exhaustive structure/function studies. Further 
pharmacological and molecular studies will allow for a 
better and more complete understanding of the role of 
the renin-angiotensin system in pathology. 
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Abstract 

In 1989, the development of specific angiotensin receptor antagonists which distinguish between two angiotensin receptor subtypes (ATI 
and AT2) led to a breakthrough in angiotensin research. It turned out, that the AT 1 receptor was almost entirely responsible for the "classical" 
actions of angiotensin II related to the regulation of blood pressure as well as volume and electrolyte balance. However, actions and signal 
transduction mechanisms coupled to the AT2 receptor remained enigmatic for a long time. The present review summarizes the current 
knowledge of AT2 receptor distribution, signaling and function with an emphasis on growth/anti-growth, differentiation and the regeneration 
of neuronal tissue. 

© 2005 Elsevier Inc. All rights reserved. 
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1. Introduction 

There are probably not so many molecules which polar- 
ize the "angiotensin-coimnmiity'' as much as the angiotensin 
AT2 receptor (AT2-R) does . How can this phenomenonbe ex- 
plained? Those scientists, who belong to the group of "AT2 
receptor lovers" are often attracted by the many secrets this 
receptor still holds, and which wait to be disclosed [98]. What 
could be more tempting and motivating for a scientist than 
an area of research with many open questions waiting to be 
dealt with? However, there are reasons why so much is not 
yet known about this receptor — reasons which prompt some 
scientists to avoid working on this receptor, if not even "to 
hate" it. 

But what are these reasons? Firstly, the AT2-R is 5! not 
easy to find". In the adult, healthy organism - no matter what 
species - it is only expressed in certain cell types and certain 
tissues such as vascular endothelial cells, distinct areas of 
the brain, the adrenal, selected cutaneous, renal and cardiac 
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structures, myometrium and ovaries [20,53]. In contrast, in 
fetal tissues, the AT2-R is the dominating receptor subtype 
[37]. In the adult, AT2-Rs are re-expressed under pathophys- 
iological conditions such as mechanical injury or ischemia 
[31,90,72]. For in vitro experiments, there is only a limited 
number of cell types known to express the AT2-R in culture, 
often only under certain culture conditions. Moreover, pri- 
mary cell cultures are frequently needed since the number of 
cell lines expressing the AT2-R is even more limited (for a 
list of cell-types expressing the AT2-R in vitro see Section 2 
and de Gasparo et al. [20]). 

Secondly, signaling and physiological functions of the 
AT2-R are unconventional. After it had turned out that the 
actions of angiotensin II (Ang II) are mediated via at least 
two distinct receptor subtypes (ATI and AT2), it was broadly 
expected that the known actions of Ang II such as blood 
pressure elevation, sodium and water retention, vasopressin 
release, cell proliferation or hypertrophy could now be at- 
tributed to one or the other receptor. But this was not the 
case. It turned out that all the established actions of Ang II 
were mediated by the AT1-R. In terms of AT2-R signaling 
and function, one had to start from the very beginning. 

And, thirdly, AT2-R actions are often "hidden" behind 
opposing ATl-Ractions — meaning that AT2-R functions are 
often not readily obvious in an experimental setting, but have 
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to be unraveled by blocking the AT1-R. Moreover, AT2-R 
actions are often inhibitory or counteracting, which requires 
treatment of the examined organism or cells with the "AT2- 
R-opposed" stimulus prior to the actual experiment. 

No wonder, that after the discovery and characterization 
of the AT2-R in 1989 [100,14], it took more then five more 
years until the first data concerning AT2-R signaling and 
physiological functions were published providing first clues 
as to what is nowadays widely accepted as AT2-R features 
[8,71,92]. These features comprise: (a) in terms of signal- 
ing that the AT2-R is G-protein coupled but in many cases 
activates signaling cascades independent of classical regula- 
tory G-pioteins, (b) in terms of function the role of a kind of 
"natural AT1-R antagonist", since in many cases (prolifera- 
tion/antiproliferation, cell division/differentiation and apop- 
tosis, vasoconstriction/vasodilation) the AT2-R counteracts 
ATl-R-mediated actions [20]. 

The present article reviews the current knowledge of AT2- 
R expression, signaling and function with a focus on the very 
recently described ATI-R- and AT2-R-binding proteins and 
on the role of AT2-Rs in neuronal repair and remodeling and 
in the counterplay of growth and anti-growth processes. 



2. Tissue distribution of the AT2 receptor 

The AT2 receptor is widely expressed in fetal tissues 
[37], whereas its expression is dramatically decreased af- 
ter birth, being restricted to a few organs such as brain, 
adrenal, heart, vascular endothelium, kidney, myometrium 
and ovary [20]. The predominant expression of AT2-Rs in 
differentiated fetal mesenchymes, such as mesenchymal tis- 
sues in the tongue, subdermal and subcutaneous regions of 
the skin and the diaphragm [85] , points to the fact that Ang II 
may use these receptors in development and differentiation 
processes. 

Recent studies mapped the distribution of AT2-Rs in the 
adult rat brain and found a predominant expression in cer- 
tain parts of the limbic system, in several thalamic nuclei, the 
subthalamic nucleus, the inferior olivary complex, the motor 
hypoglossal nucleus, and numerous brainstem and cerebellar 
nuclei [58]. This expression-pattern of the AT2-R points to 
its involvement in a broad spectrum of central actions com- 
prising the sensory and motor systems as well as behavior 
and emotions. 

In the heart, the AT2-R is present in coronary arteries, 
cardiomyocytes and the ventricular myocardium [99,12]. 

In the kidney, the expression of AT2-R mRNA is mainly 
localized in interlobular arteries [66], in the proximal tubules, 
collecting ducts, arcuate arteries, afferent arterioles and outer 
medullary descending vasa recta [69]. Possible renal func- 
tions of the AT2-R in the regulation of glomerular blood flow 
and pressure-natriuresis have recently been proposed [13]. 

In human lung, AT2-R mRNA and protein were demon- 
strated in the epithelium, with strong staining on the bronchial 
epithelial cell brush border and also on many of the under- 



lying mucous glands. The AT2-R was also present on some 
endothelial cells [11]. 

Although the ATI-R is doininant in the adult organism, an 
increase of AT2-R expression has been observed under patho- 
logical conditions, such as vascular injury [71], myocardial 
infarction [72,108], congestive heart failure [76], renal fail- 
ure [4], brain ischemia [64], sciatic or optic nerve transsec- 
tion [31,62]. A study from our laboratory employing single 
cell PCR investigated the expression of ATI-R and AT2-R 
mRNA in adult cardiomyocytes [12]. The AT2-R gene was 
transcribed in about 10% of adult rat cardiomyocytes, while 
about 40% of cardiomyocytes expressed the ATI receptor. 
These receptors were not increased on day 1 after tissue in- 
jury. However, on day 7 post-infarct, the AT2-R expression 
was increased to a maximum of 60% AT2-R mRNA-positive 
cells [63]. 

For healthy human skin we could show, that the AT2- 
R is expressed throughout the epidermal layer as well as 
in certain dermal structures such as vessel walls and seba- 
ceous glands [89]. However, in incisional cutaneous wounds, 
AT2-R expression is markedly upregulated, an effect which 
is most pronounced throughout the dermis extending by far 
the expression-pattern in normal skin [90]. 

To clarify the signaling mechanism and functional signifi- 
cance of the AT2-R, numerous types of cells derived from tis- 
sues known to contain the AT2-R were prepared or identified. 
Among primary cultured cells were neuronal cells dispersed 
from rat neonatal hypothalamus [94], neonatal rat cardiomy- 
ocytes [65], adult rat cardiac microvascular endothelial cells 
[92], rat fetal skin cells [96], human adult skin cells [89] and 
rat fetal fibroblasts [51], A subline, PC12W, derived from rat 
pheochromocytoma cells, which expresses a large amount of 
AT2-Rs but no ATl-Rs [88] was extensively used for stud- 
ies of AT2 signaling mechanisms and for AT2 cloning. The 
other cell lines, known to express AT2-Rs, are a subline of the 
Swiss mouse 3T3 fibroblast cell line, R3T3, [22] and the un- 
differentiated mouse/rat neuroblastoma x glioma hybrid cell 
lines, NG108-15 [10] and Neuro-2a [43]. 

These cell lines have provided useful materials for stud- 
ies on AT2-R signaling, pathophysiology, regulation and for 
cloning and purification. 

3. AT2-receptor signaling 

Knowledge about AT2-R signaling has grown immensely 
over the last couple of years. Still, it is a very complex issue, 
since (a) many unconventional signaling cascades seem to be 
involved, (b) many cascades have not yet been fully defined, 
and (c) some AT2-R coupled signaling mechanisms could not 
yet clearly be attributed to certain AT2-R functions and vice 
versa. But among all this confusion, there is no doubt about 
one fact: with very few exceptions, signaling via the AT2-R 
is totally distinct from ATI-R coupled signaling. 

In 2000, Nouet and Nahraias suggested that three ma- 
jor transduction mechanisms are responsible for AT2-R 
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signaling: (a) the activation of various protein phosphatases 
causing protein dephosphorylation, (b) activation of the 
NO/cGMP system, and (c) stimulation of phospholipase A2 
with subsequent release of arachidonic acid [73]. This clas- 
sification still seems suitable to range in most current data. 
However, it has to be supplemented by very recent data claim- 
ing that an AT2-R binding protein (termed ATBP or ATIP) 
functions as an early mediator of growth-inhibitory signaling 
cascades, probably by modifying AT2-R surface expression 
[74,103]. 

3.1. AT2-R signaling via phosphatase activation 

Signaling via activation of protein-phosphatases was one 
of the first AT2-R coupled second messengers suggested, and 
there is accumulated evidence speaking for a central role of 
phosphatases for AT2-R signaling, especially for the nega- 
tive cross-talk of this receptor with growth factors and the 
AT1-R. In 1992, Bottari et at. reported the involvement of a 
vanadate-sensitive tyrosine-phosphatase [8] . Up to now, three 
specific phosphatases could be identified, which aTe stimu- 
lated upon AT2-R activation: mitogen-activated protein ki- 
nase phosphatase 1 (MKP-1) [46] = SH2 domain-containing 
phosphatase 1 (SHP-1) [5], and protein phosphatase 2 A 
(PP2A) [47]— and more may follow. MKP-1 and SHP-1 
are indeed tyrosine phosphatases and vanadate-sensitive, and 
Bottari et al. [8] and Brechler et al. [9] probably already 
saw their effects in the early studies. MKP-1 additionally de- 
phosphorylates threonine-residues, while PP2A is an okadaic 
acid-sensitive serine/threonine phosphatase [73]. 

As further elaborated on in Section 4, a major ac- 
tion of AT2-RS is to counteract growth factor-induced cell 
proliferation and to induce apoptosis. Growth factors (in- 
cluding Ang II via the AT1-R) mediate their growth pro- 
moting actions preferably via tyrosine-kinase receptors and 
several additional kinase-driven phosphorylation steps fur- 
ther "down" the respective signaling cascades. Extra-cellular 
signal-regulated kinases 1 and 2 (ERK 1/2) seem to play 
a key role in these phosphorylation cascades. The AT2-R 
negatively cross-talks with these phophorylation cascades by 
reversion of the phosphorylation steps through phosphatase 
activation. Most documented is the dephosphorylation and 
subsequent inhibition of ERK 1/2 as a result of AT2-R ac- 
tivation, and all three AT2-R-activated phosphatases (MKP- 
1, SHP-1, and PP2A) seem to be involved [46-48; 5, 27,2], 
Since these phophatases reach their maximal activation at 
different time points and display divergent dephosphoryla- 
tion specificities, they may interact with the ERK 1/2 cas- 
cade at different steps [73]. But there is also evidence for 
the dephosphorylation of other targets such as STAT as well 
as the immediate interaction with receptor tyrosine kinases 
[45,24]. 

The inactivation of the MAP -kinases ERK 1/2 by dephos- 
phorylation seems to be a key messenger not only in AT2-R- 
mediated growth inhibition, but also in its proapoptotic effect, 
which could be shown to depend on activation of MKP-1 



and SHP-1 and, subsequently, on Bcl-2 dephosphorylation 
by MKP-1 and upregulation of bax [44]. 

Interestingly, the AT2 receptor seems to modulate ERK 
activity depending on the overall cellular input: while an 
NGF-mediated ERK stimulation was inhibited by costim- 
ulation with Ang II in PC12W cells, stimulation with Ang 
II alone initially enhanced ERK activity in these cells under 
conditions which enable neurite outgrowth [93]. 

3.2. G-protein coupling of AT2-receptors 

Although cloning and sequencing of the AT2-R revealed 
a hepta-helical molecule comprising 363 amino acids which 
is structurally related to G-protein coupled receptors, the sig- 
naling mechanisms of the receptor seem to involve uncon- 
ventional second messengers in addition to more classical 
G-protein coupled pathways [20]. 

In some cases, AT2-Rs are coupled to Gi^- and Gi a3 - 
proteins [52,106]. However, activation of the tyrosine 
phosphatase SHP-1 seems to depend on the Gp-y-independent 
constitutive association of G aS with SHP-1 and the AT2-R. 
In a non-activated state, SHP-1 is kept inactive through in- 
teraction of two SH2 domains, which are part of the SHP-I 
molecule itself, with its catalytic domain. Upon ligand bind- 
ing to the AT2-R, SHP-1 dissociates from the receptor and 
is activated by removal of the self-constrain imposed by the 
SH2 domains [25]. 

3.3. AT2-R signaling via activation of the NO/cGMP 
system 

Activation of NO release with a subsequent increase in 
intracellular cGMP levels is one of very few - if not the 
only — signaling pathway(s), which are/is shared by ATI- and 
AT2-Rs [42]. An AT2-R coupled increase in NO generation 
could be observed in vascular tissue of diverse origin such as 
cultured bovine aortic endothelial cells [102,81], dog coro- 
nary microvessels or large coronary arteries [84], isolated 
perfused rat renal arteries [84,95], but also in the neuronal 
cell lines PC12W [107] andNG-108-15 [15,35], in which this 
signaling cascade promotes differentiation and neuronal out- 
growth. In the vasculature, this signaling cascade may medi- 
ate vasorelaxation induced via AT2-Rs (for review see [101]), 
a common result of NO production, while in the kidney it has 
been attributed to natriuresis [87]. 

In some tissues, the AT2-R induced increase in NO synthe- 
sis seems to depend on the release of endogenous bradykinin. 
In stroke-prone spontaneously hypertensive rats (but not in 
normotensive Wistar Kyoto rats), acute Ang II infusion pro- 
duced a significant increase in aorticcyclic GMPviaamecha- 
nism that involved AT2-Rs, endothelium-derivedNO and the 
bradykinin B2 receptor [36,77], Accordingly, in conscious 
rats, endogenous Ang II as well as infused Ang II caused an 
increase in cyclic GMP content in interstitial renal fluid, an 
effect that could be abolished by AT2-R blockade as well as 
bradykinin B^-receptor blockade [86]. Looking on genetic 
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models, AT2-R-null mice exhibit markedly reduced basal- 
arid Ang II-induced cyclic GMP andbradykiniii levels in renal 
interstitial fluid [86], and in arteries isolated from kininogen- 
deficient Brown Norway Katholic rats, the AT2-R-mediated 
vasodilator response was markedly impaired compared to 
their wild type counterparts [54], again suggesting an im- 
portant role for bradykinin in the signaling cascade leading 
from AT2-R stimulation to the vasodilatator^ response. 

Despite a growing body of data on this topic, the AT2- 
R/NO/cGMP cascade is not yet fully understood. Especially 
the way, in which AT2-R stimulation may activate bradykinin 
release is still a matter of speculation, although there are data 
suggesting that Ang II via the AT2-R causes a reduction of 
intracellular pH levels (a mechanism, which may also be im- 
portant for the regulation of intracellular acidosis following 
injury [82]), which in turn leads to the activation of acid- 
optimum kininogenases to cleave bradykinin from kininogen 
[102,97]. 

However, the AT2-R-coupled increase in cGMP levels 
does not necessarily require bradykinin since inPC 12W cells, 
cGMP levels were enhanced upon AT2-R stimulation in the 
presence of B2-receptor blockade [107], and these data were 
confirmed by Hannan et al. [41] in rat uterine arteries. 

3.4. Angiotensin receptor binding proteins 

Recently, Guo et al. identified and sequenced a nove! AT1- 
Rbinding protein (ARAP1), which does not belong to the G- 
protein family and which promotes recycling of the ATla-R 
to the plasma membrane [39]. 

A similar protein seems to exist (ATBP50), which is Golgi- 
membrane-associated, but on activation binds to the cytoplas- 
mic carboxy-terrninal AT2-R and regulates the transport of 
the AT2-R to the cell membrane, thus modulating AT2-R ex- 
pression at the cell surface [ 1 03], The level of receptor expres- 
sion seems to be critical for the induction of anti-proliferation 
and apoptosis, since the inhibitory effect mediated by AT2- 
Rs at least in part depends on the presence and density, but 
not on the extracellular activation of the receptor [68], 

Nouet et al. cloned an identical protein, termed it ATIP1, 
and showed that in the presence of AT2-Rs, this protein 
inhibits insulin-, basic fibroblast growth factor-, and epi- 
dermal growth factor-induced ERK1/2 activation and cell 
proliferation, and attenuates insulin receptor autophospho- 
rylation. Binding of Ang II to the AT2-R reinforces this ef- 
fect, but ligand binding is not necessarily required. It is not 
clear yet, which intracellular steps are intercalated between 
ATTB/ATBP50 activation and ERK 1/2 inhibition. Nouet et 
al. could rule out the involvement of the phosphatase SHP-1 
and of a direct interaction with growth factor receptors. How- 
ever, other phosphatases or still unknown signaling mecha- 
nisms could play a role. But there is also the possibility that 
ATIB/ATBP50 simply acts by "intracellular activation" of 
AT2-Rs. 

In contrast to the AT2-R ATIP1/ATBP50 is ubiquitously 
distributed in the adult organism. A fact that may point to fur- 



ther roles of this protein inside the cell, which extend AT2-R 
expression and signaling, but it can also be speculated, that 
ATIP1/ATBP50 is required and responsible under pathophys- 
iological conditions such as injury or inrarction to re-express 
AT2-Rs, a phenomenon, which can be observed in almost any 
tissue. 

3.5. AT2-R signaling via activation of phosphatipase A2 

In vivo studies have shown that Ang II via the AT2 re- 
ceptor activates phospholipase A2 [40]. The resulting re- 
lease of arachidonic acid may contribute to the activation 
of a Na + /HC03 _ symporter system (NBC), which regu- 
lates intracellular pH [56,82]. In renal cells, arachidonic 
acid released upon AT2-R stimulation and cytochrome P450- 
dependent metabolites generated from arachidonic acid have 
been shown to activate MAP-kinases and additional kinases 
further downstream the RAS-signaling pathway — one of the 
few cases in which the AT2-R is coupled to kinase- and not 
phosphatase-activation [50,23,93]. 

3.6. Further pieces of the puzzle 

3.6.1. Ceramides and caspases 

Ceramides are intracellular lipid second messengers, 
which were originally characterized as being part of cy- 
tokine signaling. Recently, our group has demonstrated, that 
ceramides are de novo synthesized upon AT2-R activation, 
probably mediating a pro-apoptotic stimulus via activation 
of caspase 3 [32], Caspase 3 had previously been shown, 
too, to be upregulated via AT2-Rs and to mediate apoptosis 
[21]. Lehtonen et al. described the same pro-apoptotic path- 
way and provided further evidence for the assumption that 
AT2-R-induced apoptosis depends on the de-novo synthe- 
sis of ceramides by showing that blockade of sphingolipid 
synthesis abolished AT2-R-mediated programmed cell death 
[59]. 

3.6.2. Zinc-finger 

Recently, we identified a zinc-finger homoeodomain en- 
hancer binding protein gene (Zfhep) that is induced after ac- 
tivation of the AT2-R in cells of neuronal and vascular origin 
[91]. This gene encodes for a transcription factor recognized 
for its role in the regulation of cellular differentiation, and is 
expressed under experimental conditions where the AT2-R 
exerts its antiproliferative and differentiation-promoting ef- 
fects. Zfhep not only represents a suitable marker for AT2-R 
activation but may also link AT2 signaling and downstream 
events involved in the proposed function of the AT2-R in 
development and regeneration. 



4. Functional properties of the AT2 receptor 

Significant progress has been made lately in the 
elucidation of the functional properties of the AT2-R. 



U.M. Steckelings et al /Peptides 26 (2005) 3401-1409 



1405 



Physiologically, the AT2-R appears to act as a modulator 
of complex biological programs involved in embryonic de- 
velopment, cell differentiation, apoptosis, regulation of renal 
function and blood pressure [20,98, 13] . Moreover, the AT2-R 
is involved in different pathophysiological processes such as 
cardiovascular remodeling following myocardial infarction 
and hypertension, heart failure and stroke, and it can be spec- 
ulated that AT2-R-mediated effects are even more apparent 
in pathological situations in which these receptors areupreg- 
ulated. The current knowledge including yet conflicting data 
has been discussed in detail in recent reviews [55,101], 

It seems mat one major task of AT2-Rs consists in a pro- 
tective effect against an overstimulation of ATl-Rs, and these 
opposing effects may occur beyond the level of the cell mem- 
brane receptor as has been commented on in Section 3. For ex- 
ample, regression of cardiac fibrosis and vascular remodeling 
evoked by AT2-Rs oppose the profibrotic ATl-R-mediated 
action of Ang H [104,105]. It has also been reported that va- 
sodilatatory effects of Ang II linked to the AT2-R oppose 
the vasoconstrictor actions of Ang Il-mediated by the ATI- 
R [13], Furthermore, AT2-Rs may play a role in pressure 
natriuresis, opposing the antinatriuretic effects of AT1-R ac- 
tivation [87]. 

The contribution of the AT2-R to the regeneration pro- 
cesses in the nervous system still represents a new aspect of 
investigations, which is closely connected with the role of the 
AT2-R in cell growth and differentiation. Recent studies in 
these two directions will be discussed in more detail in the 
following. 

4. 1. Growth and anti-growth 

An antiproliferative effect of the AT2-R in cultured coro- 
nary endothelial cells was first observed by Stoll et al. [92]. 
We and others were able to extent these results to macrovas- 
cular endothelial cells from bovine aorta, microvascular en- 
dourelial cells from human dennis as well as to cells of neu- 
ronal origin [91,57,71,26,3,67]. hi further in vivo studies, 
Munzenmaier and Greene [70] reported opposing effects of 
ATI- and AT2-Rs on microvascular growth in the rat cre- 
master muscle. In their study, Ang II induced angiogenesis 
in the microvasculature through the AT1-R, and this effect 
was buffered by the AT2-R. Recent studies extended these 
data in terms of underlying mechanisms. A study from our 
laboratory suggested that upregulation of thrombospondin-1 
expression may be involved in the antiproliferative effect of 
the AT2-R on bovine, macrovascular endothelial cells [26]. 
In cardiac microvascular endothelial cells, ATI- and AT2-Rs 
differentially regulated angiopoietin-2 and vascular endothe- 
lial growth factor expression and angiogenesis by modulat- 
ing heparin binding epidermal growth factor (EGF)-mediated 
EGF receptor transactivation [29]. Thus, from the clinical 
point of view, AT1-R antagonists may act inhibitory on neo- 
vascularization processes by unmasking the antiproliferative 
effect of AT2-Rs. This has been observed recently in the 
model of hyperoxia- and nonnoxia-induced retinal neovas- 



cularization in newborn mice [61]. There are, however, con- 
flicting data, claiming that AT2-R blockade reduces retinal 
angiogenesis and alters the expression of vascular endothe- 
lial growth factor and angiopoietin-Tie2 [83]. Still, inhibition 
of neovascularization may be beneficial in the prevention 
of proliferative retinopathies such as proliferative diabetic 
retinopathy. Moreover, it has been reported that the AT1-R 
antagonist TCV-116 inhibited tumor-associated angiogene- 
sis, tumor growth, and metastasis in a murine model [28] — a 
fact that may achieve even more clinical relevance. 

Myointimal hyperplasia occurs under pathophysiological 
conditions such as endothelial injury. A contribution of Ang 
II to the process of neointima formation after vascular injury 
has been suggested in studies showing that ACE inhibitors 
can attenuate the development of myointimal hyperplasia af- 
ter endothelial denudation [78], Nakajama et al. [71] trans- 
fected an AT2-R expression vector into a balloon-injured 
rat carotid artery in vivo and found that overexpression of 
the AT2-R attenuated neointima formation. Recent studies 
confirmed these data. Akishita et al. [1] demonstrated that 
the AT2-R antagonist PD 123319 increased neointima for- 
mation in the cuff-induced vascular injury model in mice. 
Furthermore, treatment with even small doses of the AT1-R 
antagonist valsartan effectively attenuated neointima forma- 
tion, whereas this effect was significantly weaker in AT2-null 
mice [1 05] . Thus, the beneficial effect of ATI blockade in the 
prevention of neointima formation seems to involve AT2-R 
stimulation. 

4.2. Role in the regeneration of the nervous system 

Over the last decade, the AT2-R has been shown to he in- 
volved in various processes in the nervous system (for review 
see [17,80,34]). 

As stated more detailed above, in contrast to ATl-Rs, 
which are present in the majority of brain areas, AT2-Rs are 
limited to distinct regions, and their expression is low in pe- 
ripheral nerves [75,3 1]. However, under pathological condi- 
tions such as stroke [108,64], sciatic [31] or optic [62] nerve 
transection, and Huntington's or Alzheimer's disease [33], 
an increased AT2-R expression has been described, point- 
ing to a possible involvement of this receptor in maintaining 
functions of the central nervous system (CNS). 

In vitro evidence for a role of AT2-Rs in the repair and 
remodelling of neuronal tissue originates from experiments 
showing that Ang II via its AT2-R can induce neuronal differ- 
entiation in PC12W cells [67,30,93] and neurite outgrowth 
in the neuroblastoma x glioma hybrid cell line NG 108-15 
[57], The presence of both ATI- and AT2-Rs was demon- 
strated in cultured Schwann cells as well as in the rat sciatic 
nerve [6], A further step was the observation that axotomy 
and nerve crush resulted in a tune-dependent upregulation 
of AT2-R mRNA in sciatic nerve segments coinciding with 
the successful regeneration of nerve fibers [31]. Moreover, 
AT2-R expression was observed not only at the site of injury, 
but also in the appropriate dorsal root ganglia neurons [31]. 
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Recently, we could provide direct evidence that Ang H via 
its AT2-R not only promotes regeneration but also functional 
recovery after sciatic nerve crush in rats [79]. Ang II applied 
locally accelerated functional recovery which was evaluated 
by the re-innervation parameters toe spread distance and re- 
sponse to local electrical stimulation. The AT2-R antagonist 
PD 1233 1 9 administrated alone orin combination with Ang II 
completely prevented the Ang EE-induced recovery, whereas 
the ATI-R antagonist losartan had no effect. Ang II also in- 
duced AT2-R-mediated activation of the transcription factor 
NF-kappa B in Schwann cells leading to enhanced remyeli- 
nation. 

We have demonstrated that stimulation of AT2-Rs on reti- 
nal ganglion cells induced a significant neurite outgrowth in 
retinal explant cultures in vitro and after a lesion of the optic 
nerve also in vivo [62]. 

To investigate the mechanisms underlying Ang II-induced 
neurite outgrowth and elongation, several studies have been 
performed in rat neuronal cells in culture. The stability and 
function of neurons are dependent on protein filaments like 
microtubules, actin- and intermediate filaments. Our group 
examined the effect of AT2-R stimulation on the microtubule 
components, NF-1 , beta-tubulin, MAP IB and MAP2, in qui- 
escent and nerve growth factor (NGF)-differentiated PC12W 
cells. The results implicated a role of AT2-Rs in cell dif- 
ferentiation and nerve regeneration via regulation of the cy- 
toskeleton [93]. Cote et al. [16] studied the morphological 
differentiation of cerebellar cells. A selective activation of 
the AT2-R induced an increased elongation of neurites, cell 
migration and an increase in the expression of neuron-specific 
beta IH-tabulin and the microtabule-associated proteins tau 
andMAP2. 

Possible signaling pathways associated with AT2-R- 
mediated neuxoregeneration include the bradytanin/NO/ 
cGMP signaling cascade [107], expression of Zfhep, a zinc- 
finger homeodomain enhancer-binding protein [91], Rapl/B- 
Raf, and MAPK (also see Section 3 and for review [34,48]). 

Apparently, both Ang II receptors take part in the patho- 
physiological events initiated by central ischemia and stroke. 
Experimental evidence comes from studies showing that 
chronic central pretreatment with the ATI -R antagonists irbe- 
sartan and losartan improved the neurological outcome and 
reduced cortical and hippocampal AP-1 transcription factor 
expression after focal brain ischemia in the rat [19], and that 
AT2-Rs contributed to the observed beneficial effects of AT1- 
R antagonist [7]. 

Systemic pretreatment with the ATI-R antagonist can- 
desartan also improved recovery from brain ischemia [38], 
These data are consistent with recent results from clinical tri- 
als demonstrating a reduction of stroke incidence in patients 
receiving the ATI antagonist losartan [18]. 

Recent evidence points to an upregulation of neuronal 
AT2-Rs in response to cerebral ischemia in rats in some 
brain regions. The enhanced AT2-R expression was asso- 
ciated with intense neurite outgrowth [60]. Furthermore, by 
central co-administration of ATI - and AT2-R-antagonists, we 



could show that cerebral intact, i.e. unopposed AT2-Rs were a 
necessary requirement for the neuroprotective effects of cen- 
tral ATI-R blockade such as reduction of infarct size and im- 
proved neurological outcome [60]. These data are consistent 
with the observations by Iwai et al. , who compared infarct size 
and neurological outcome after middle cerebral artery occlu- 
sion in Agtr2(— ) versus Agtr2(+) mice [49]. Thus, cerebral 
AT2-Rs seem to exert a neuroprotective effect. 

Taken together, although the cellular targets of the AT2-R 
in neuronal tissue are not yet clearly identified, the findings 
on the neurotrophic actions of AT2-R stimulation may pro- 
vide a basis for the design of new therapeutic concepts for 
treatment of human peripheral nerve injuries, diabetic neu- 
ropathy, neurodegenerative disorders and stroke. 



5- Conclusions 

Fifteen years and more than 2000 respective publications 
have gone by since the discovery of the AT2-R. Still, we 
are far from really knowing this receptor. May be, one main 
reason for this is the fact, that we are used to deal with "active" 
receptors, receptors which positively evoke actions, and not 
with a mainly inhibitory or modulating receptor as the AT2-R 
in most cases seems to be. But modulation is an important 
capability of organisms or cells for the "fine-tuning" of a 
broad spectrum of actions, which - in case of the AT2-R - 
seems to span the regulation of natriuresis, body-temperature, 
blood-pressure, reproduction, embryonic development, cell 
differentiation, tissue repair and programmed cell death. 

To better understand the AT2-R as a modulator of com- 
plex biological programs as such is arewarding objective. But 
since drugs interfering with the renin— angiotensin-system be- 
long to the most commonly used cardiovascular medications 
and thus to the most frequently prescribed drugs, the knowl- 
edge of AT2-R actions has also important clinical implica- 
tions, because these actions are concomitantly either blocked 
(ACE-inhibitors) or stimulated (ATl-R-antagonists) together 
with the actual goal of the therapy, which is the inhibition of 
ATl-R-mediated actions. 
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SUMMARY 

Cytokines play a key role in modulation of immune responses. Cytokine 
networks regulate lymphocyte turnover, differentiation, and activation. 
Many different cell types, in addition to immune cells, produce cytokines 
and express receptors for cytokines. Cell-to-cell communication (cellular 
"crosstalk") is maintained via cytokine networks. In disease, these net- 
works undergo imbalance. By measuring amplification or downregula- 
tion of cytokine signaling cascades in response to pathological insults or 
therapeutic interventions , it might be possible to evaluate disease progres- 
sion or regression. Multiplex formats for cytokine profiling are now avail- 
able and appear to be especially useful in monitoring cytokine profile 
alterations in a variety of human diseases. 

Key Words: Immune response; cytokine profiles; cytokines in disease; 
cytokines in therapy; cytokine crosstalk. 

1. INTRODUCTION 

In the last decade or so, cytokines, which are low molecular weight gly- 
coproteins produced by immune as well as nonimmune cells, have captured 
the attention of the scientific and clinical communities. This unprecedented 
attention to cytokines can be, in part, attributed to their availability in a 
recombinant form, allowing for the use of individual cytokines in Various 
experimental and clinical settings. Largely, however, it is because of the 
realization that complex cellular "soups" of the past (also referred to as "lym- 
phokines") contain mixtures of defined soluble factors, cytokines, each of 
which plays a key role in orchestrating cellular interactions. The field of 
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cytokine biology has emerged based on molecular, biochemical, and immu- 
nological insights into their structure, function, importance in health and 
disease, as well as therapeutic potential (reviewed in ref. /) The number of 
cytokine genes cloned and individual cytokines identified has grown rap- 
idly to include several distinct families of factors that include lymphokines, 
interferons, and hematopoietic and nonhematopoietic growth factors and 
appear to be necessary for cell-to-cell communication and signaling. Meth- 
ods for the identification and measurements of the functional competence of 
cytokines have been developed that provide means for ascertaining then- 
presence and following their levels of activity in body fluids and at tissues 
sites. The more recent discovery of chemokines, which are related to 
cytokines but remain structurally and functionally distinct (2), has further 
expanded the scope of soluble factors involved in the regulation of immuno- 
logical responses, hematopoietic development, cell-to-cell communication, 
as well as host responses to infectious agents and inflammatory stimuli (3-6). 
To be able to fulfill this challenging assembly of biological activities, 
cytokines and chemokines are endowed with special biological characteris- 
tics that allow for effective functioning in the tissue microenvironment. 

2. BIOLOGICAL CHARACTERISTICS 
OF CYTOKINES 

The biology of cytokines is complex and, although new information 
emerges almost daily, much still remains to be learned. Cytokines share 
many characteristics with growth factors and hormones, such as platelet- 
derived growth factor, endothelial growth factor, or transforming growth 
factor-ot. Although classical polypeptide hormones are produced by special- 
ized cells, cytokines tend to be secreted by less-specialized cells, and often 
many different cell types produce the same cytokine. All cytokines are pleio- 
tropic, i.e., they have the ability to interact not with one but a variety of 
cellular targets, usually via the specific receptors expressed on the cell sur- 
face. Expression of the receptor qualifies the cell as a target for one or more 
cytokines. Binding of cytokines to cell surface receptors (kDa in the range 
of 10" 9 to 10~ 12 M) initiates signaling and new ribonucleic acid (RNA) and 
protein synthesis. Frequently, cytokine receptors are composed of several 
membrane-associated subunits, and one or more of these subunits might be 
shared by distinct cytokine receptors. Also, the presence or absence of indi- 
vidual subunits often determines the affinity of the cytokine receptor for its 
ligand as, for example, in the case of receptor for interleukin (TL)-2, in which 
the ccpy subunits are needed for high-affinity binding of TL-2, the pVy sub " 
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units function as an intermediate affinity receptor and the a subunit is known 
as a low-affinity receptor for IL-2 (7), In addition, cytokines can modulate 
the level of receptor expression for another cytokine or growth factor, a 
phenomenon referred to as receptor transmodulation. For example, tumor 
necrosis factor (TNF)-ot, IL-1, or IL-6 can affect EL-2 receptor expression 
(8-10), and interferon (EFN)-y can modulate expression of TNF receptors 
on many different cell lines (11). 

Cytokines are redundant in that the same biological function can be executed 
by several distinct cytokines. This overlapping of cytokine activities, whereby a 
single cell target shows seemingly identical responses to multiple cytokines, 
has been referred to as cytokine crosstalk. Cytokine redundancy is a 
biologicalally important feature because it provides a measure of safety for 
the process of regulation of normal cellular functions. Should one cytokine 
be absent or its level limited, an option for the substitution by another 
cytokine exists. Mechanistically, redundancy might be implemented via the 
shared receptor subunits or via the ability of different cytokine receptors to 
mediate similar signals, targeting the same molecular pathway (s). Physiologi- 
cally, cytokine redundancy assures that the vital communication between cells 
participating in functions essential for survival continues uninterrupted 
regardless of the absence of one or another cytokine. 

Cytokines and chemokines are known to function as networks or cascades 
of interacting factors, which are able to induce each other. This implies that 
cytokines regulate their own production via autocrine, juxtacrine, or 
paracrine pathways in response to microenvironmental stimuli. Cascades of 
cytokines are able to amplify the functional impact of one component and 
are related to functional redundancy. Thus, even when a redundant signal is 
weak, there is the possibility for its amplification via inducing the cascade 
of functionally related soluble factors. It is also essential to remember that 
local interactions and the state of activation of cells in the microenviron- 
ment are likely to have powerful effects on the cytokine production in situ. 

Cytokines work in pharmacological doses and, once released by the pro- 
ducing cell, have a short half-life, often not exceeding a few minutes. This 
means that tiny quantities of cytokines present in the microcnvji;onment for 
a short period of time are sufficient to induce functional changes in respond- 
ing cells. Thus, cytokines are powerful physiological mediators with a poten- 
tial for inducing tissue damage. Cytokines are local mediators meant to exert 
biological effects in then local microenvironment. Although in normal tis- 
sues, cytokine-mediated tissue damages do not occur, largely because of 
carefully regulated cytokine secretion, in pathological conditions, excessive 
cytokine release from activated cells not infrequently results in a local tissue 
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injury. Further, systemic effects of cytokines often are quite different and 
more dramatic than those mediated locally (12). 

A division of labor exists among cytokines, in that the T-helper 1 (Thl)- 
type cytokines (e.g., JL-2, WN-y, IL-12, TNF-a) are considered to be respon- 
sible for elimination of intracellular infections, notably those caused by viruses 
or parasites, modulation of organ-specific autoimmune diseases, or mediat- 
ing allograft rejection and recurrent abortions (13,14). Other human dis- 
eases are associated with Th2-type cytokine responses (e.g., IL-3, JL-4, IL-5, 
IL-13), including atopic disorders, chronic graft-versus host disease, pro- 
gression to AIDS, cancer metastasis, or the hypereosinophihc syndrome 
(14). In general, the Th2-type cytokines are involved in promoting antibody- 
mediated responses. The third category of cytokines, Th3, includes regula- 
tory mediators, such as IL-10 or TGF-(3, which are responsible for 
maintaining a balance in the host microenvironment (15). This division of 
labor is a reflection of cytokine polarization and appears to be useful in the 
classification of certain human diseases into the Thl or Th2 categories. It 
also forms a basis for a concept of the "cytokine profile." Because cytokine 
polarization occurs in many pathological conditions and cytokine cascades 
as well as cytokine crosstalk often are characteristically encountered in dis- 
ease, the profiling of cytokines might prove to be more useful than measur- 
ing only one representative cytokine. 

Cytokines are polymorphic, which means that genetic variability exists 
among individuals in terms of the ability to produce cytokines in response to 
a stimulus. Cytokine levels produced as a result of activation can vary widely 
between individuals, and this trend may be genetically controlled. However, 
most important, the existing levels of cytokines might determine suscepti- 
bility or resistance to disease (16). TNF-a and IL-10 levels, for example, 
appear to influence responses to and outcome of infectious diseases. Experi- 
mental evidence supports the concept that differences in susceptibility to and 
severity of diseases might be related to genetically defined differences 
among individuals to produce important cytokines. Thus, low TNF produc- 
tion was associated with a 10-fold risk of fatal outcome from menigococcal 
meningitis in humans, whereas high IL-10 levels were associated with a 20- 
fold greater risk of fatality (17,18). These observations have led to extensive 
examination of cytokine polymorphism and its disease associations and a 
search for genetic markers that best define such polymorphism (19). 

Cytokines mediate interactions between a broad variety of cell types, and 
their dysregulated production might contribute to the disease pathogenesis. 
Under normal circumstances, no or only low levels of cytokines are detect- 
able in body fluids or tissues. Therefore, their presence at elevated levels 
of expression indicates activation of cytokine pathways associated with 
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inflammation or disease progression. Cytokines associated with acute dis- 
eases are distinct from those detectable in chronic conditions. Certain 
cytokines may be present early, others late in the disease. Consistently ob- 
served associations of increased cytokine levels with a disease process or 
disease stage suggest that anticytokine therapy might be effective, at least in 
some cases. Therefore, an assessment of cytokine profiles in body fluids, 
tissues, or cells of patients with various diseases is important, particularly if 
cytokines themselves are used as therapeutic agents. 

3. CYTOKINE FAMILIES 

Structural differences among cytokines have made it possible to group 
them within "families" because primary sequences of certain cytokines show 
structural homology. For example, all members of the IFN-a/(3 family show 
at least 30% homology in their amino acid sequences (20). Such common 
structural features of cytokines permit their groupings into families, for 
instance, the IL-2/IL-4 family (IL-2, IL-4, IL-5, granulocyte-macrophage 
colony-stimulating factor) or the TNF family (TNF-a, lymphotoxin-a, LT-p\ 
FasL, CD40L, TRAIL, LIGHT, and others) or the IL-1 family (IL-1 a, TL-lp\ 
IL-1 receptor antagonist, IL-1 8). Structural features of cytokine receptors 
form the basis for further classification of cytokines into distinct groups, 
such as the "hematopoietin family receptors" or class I cytokine receptors 
and "interferon/IL-10 family receptors" or class II cytokine receptors (1). 
Cytokines signal via their receptors, and the understanding of the receptor 
structure, expression, and signal transduction is at the heart of cytokine biol- 
ogy. The unique features of the signaling pathways engaged by different 
cytoldnes and often associated with JAK and STAT pathways form the 
basis for cytokine crosstalk. 

4. CYTOKINE PROFILES IN HUMAN DISEASE 

Activation of a cytokine cascade by a physiological or pathological stimu- 
lus usually leads to the production and release of several biologic alally 
related cytokines. Thus, as indicated previously, IL-2, IFN-y, and TNF-a 
production characterizes Thl-type immune responses, whereas IL-4 S IL-5j- 
and IL-10 are associated with Th2-type responses (13,14). In an immune 
response, the cytokine cascade is initiated by specific recognition of the an- 
tigenic stimulus by T-cell receptor, subsequent T-cell activation, and secre- 
tion of the cytokine elicited by the antigen. Amplification of this initiating 
signal may then result in a local cytokine cascade. An inflammatory event 
induces a coordinated release of several proinflammatory cytokines- (3 ). 
After induction, cytokine concentrations may rapidly and differentially peak 
and then decrease to undetectable levels. 
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Today, a wide range of cytokine assays is available, providing research- 
ers with an opportunity to evaluate the biology of cytokines and to establish 
their therapeutic potential (reviewed in ref. 21). Moreover, an improved un- 
derstanding of cytokine interactions in the increasing numbers of pathological 
conditions has led to a consensus that the simultaneous assessment of many 
cytokines in a single biological sample, that is, "cytokine profiling," is a 
preferred approach (22). This change of paradigm in cytokine measurements 
was brought about by recent technical developments, and it is apparent that 
cytokine assays that best lend themselves to multiplex-type formats of the 
future slowly are replacing the traditional biological and immunological 
cytokine assays of the past (23). 

Cytokine measurements in tissue or in the peripheral circulation have 
been an important part of the process of defining the role various cytokines 
play in health and disease. New multiplex formats for cytokine assays allow 
for precise quantification of many different cytokines in a single small vol- 
ume of body fluid. It has been suggested long ago that local cytokine levels 
and activity are of considerably greater value for monitoring of pathological 
events in a target tissue than are systemic cytokine levels (24), with the 
notable exception of cytokine pharmacokinetics in subjects receiving 
cytokine therapies. However, tissue cytokine profiles remain largely unex- 
plored, probably because of considerable difficulties in obtaining interstitial 
fluid. In this respect, a technique of microdialysis, using a commercially 
available biocatheter inserted into accessible tissue sites, proved to be an 
excellent approach to the recovery of multiple cytokines in a volume of 
approx 50 uX of interstitial fluid (25). In our hands, microdialysis of oral 
mucosa in patients with HTV infection proved to be a powerful strategy to 
define the cytokine/chemokine profile in the milieu of viral entry, replication, 
and persistence (T. L. Whiteside and A. Rosenbloom, unpublished data). Com- 
bined with in situ immunostaining of mucosal biopsies to define intracellular 
expression of cytokines and cell surface expression of cytokine receptors, 
this strategy might prove to be more informative and more prognostically 
important than profiling of serum cytokines. In any event, a comparison 
between oral mucosa and peripheral blood cytokine profiles in normal vol- 
unteers and individuals with HIV at various stages of the disease is in 
progress to determine the extent of correlations or differences and their rela- 
tionship to clinical end points. 

Although significant progress has been made in linking certain cytokines 
to pathological changes in disease, interpretations of the results of cytokine 
profiling are not a trivial matter. Under normal conditions, basal levels of 
cytokines are low. In diseases such as cancer, chronic infectious diseases, 
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transplantation, or allergy, profiles of cytokines are beginning to emerge 
that might correlate to clinical end points. In cancer, advanced metastatic 
disease is associated with the Th2 cytokine profile. To characterize tumor- 
specific CD4+ T-cell responses in patients with cancer, single-cell assays, 
such as the enzyme-linked immunosorbent spot, can be used. Upon stimula- 
tion of peripheral blood CD4+ T-cells obtained from the peripheral circula- 
tion of patients with renal cell carcinoma with major histocompatability class 
II-restricted peptides (e.g., HLA-DR4-restricted MAGE 

6121-144 peptide), a 

Th2-polarized response (IL-5 but not IFN-y production) is elicited in patients 
with active disease (26). In contrast, disease-free patients (NED) respond by 
Thl-type cytokine production (IFN-y and not IL-5). Furthermore, success- 
ful therapy in cancer patients is accompanied by a shift from the Th2 to Thl 
cytokine polarization (26). Thus, it might be now possible to follow the fre- 
quency of peptide-reactive CD4+ T-cells in the patients' circulation before 
and after therapy to observe changes in their polarization profile and predict 
the success or failure of a therapeutic intervention based on the direction of 
this change. In patients with HTV-1, whose sera often contain viral cytokines 
and cytokine-receptor homologs that can bind to cellular receptors or to cir- 
culating cytokines, respectively, counteracting their biological function, the 
interpretation of cytokine assays may be very difficult (27). Nevertheless, 
significant shifts in the cytokine profiles in the course of infection and upon 
therapy with highly active antiretroviral therapy have been observed in 
patients with HIV (28). The newly emerging associations between the 
cytokine profiles and allergic diseases provide an example of how cytokine 
determinations contribute to a better understanding of disease pathogenesis 
(14,29,30). For example, T-cells and dendritic cells are considered to be 
central in the pathogenesis of psoriasis. These cells create a type 1 inflam- 
matory pathway in the skin with an abundant release of IFN-y, IL-23, and 
IL-12, which help sustain activation of this pathway (31). TNF-a and IFN-y, 
which play a pivotal role in host defense against infections and in the develop- 
ment of Thl responses, also are involved in the pathogenesis of autoim- 
mune diseases such as rheumatoid arthritis, multiple sclerosis, and type 1 
diabetes (32). These and other observations suggest that serial, monitoring , 
of cytokine profiles during the course of disease or therapy might be clini- 
cally useful. At present, all these correlations are not quite robust enough to 
be able to consider cytokines or cytokine profiles as "biomarkers" of dis- 
ease or disease activity. It is expected, however, that the application of 
genomics and proteomics to cytokine measurements will further facilitate 
efforts to monitor patients ' plasma and/or tissues for levels of cytokines and 
to evaluate cytokine profiles for their utility as surrogate markers of disease. 
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5. CYTOKINES AND THE IMMUNE SYSTEM 

Immune cells both depend on cytokines for development and function 
and, upon activation, produce a variety of cytokines. For these reasons, the 
ability of various lymphocyte or monocyte subsets to respond to and to pro- 
duce cytokines in response to specific stimuli has been important in the under- 
standing of the immune system. Lymphocyte homeostasis involves 
continuous maturation and differentiation of antigen-responsive cells and 
their turnover between the circulating pool and tissues (33). Lymphocyte 
survival depends on the growth factors and cytokines produced in various 
niches to which they migrate or home (34). Consequently, cytokine net- 
works determine the lymphocyte turnover and orchestrate their differentia- 
tion into functional effector cells. Likewise, cytokines regulate 
differentiation of dendritic cell precursors into functional antigen-present- 
ing cells (35). The fundamental operation of the immune system is thus 
cytokine driven, and thymic development of T-cells (36), B-cell differentia- 
tion into antibody-producing plasma cells (37), or maturation and acti- 
vation of natural-killer cells (38) are all coordinated by distinct networks 
of cytokines. Once matured in the designated tissue micro environment, 
immune effector cells expressing the required cytokine/chemokine 
receptor(s) migrate under the direction of chemotactic gradients and thus 
guided arrive at the target tissue to deliver appropriate signals (39). The 
latter are entirely dependent on the situation in the targeted microenviron- 
ment and can be amplified or inhibited by cytokines produced in situ, either 
by infiltrating immune cells themselves or tissue cells or most likely both 
cell types. This entire process can be initiated by a sudden alteration in the 
tissue microenvironment, such as a bacterial or viral infection, injury or 
death of cells. The remarkable sensitivity, rapidity and regulated amplifica- 
tion of all cytokine-mediated immune responses to tissue injury indicate 
that the cytokine network functions in tandem with or under control of the 
neuroendocrine system. Indeed, although cytokines have been thought of as 
hormones of the immune system, it is necessary to remember that 
nonimmune cells express cytokine receptors and produce cytokines. Thus, 
cytokines are ubiquitous and appear to be able to maintain communications 
between cells of different origin and different systems. For example, it is 
now well documented that interactions among the central nervous system 
(CNS), endocrine networks, and immune cells determine the overall immune 
response. The CNS influences immune responses through the release of 
humoral factors such as Cortisol or epinephrine from the hypothalamic- 
pituitary— adrenal axis. Lymphoid organs, e.g., lymph nodes, are innervated, 
and local synthesis of neuropeptides or opioids in these nerve terminals has 
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been documented. Immune cells express surface receptors for neurotrans- 
mitters, and nerve fibers have receptors for cytokines (40). Thus, a bidirec- 
tional traffic of biochemical mediators, cytokines, and neuropeptides 
between the CNS and immune cells regulates their interactions. When glu- 
cocorticoids are released in response to systemic stress, they downregulate 
immune responses and cytokine production. Migration inhibitory factor, a 
cytokine produced by the pituitary, counteracts inhibitory effects of gluco- 
corticoids and restores the immune balance (41). Hence, cytokines play a 
key role in regulating the neuroendocrine— immune system interface. The 
mechanisms or molecular pathways involved in these interactions are now 
being elucidated. The field of neuroimmunology has grasped the likely 
importance of cytokines in the CNS responses, and much current work is 
devoted to studies of these interactions in animal models of CNS injury or 
stress as well as in human models of acute or chronic stress (42). 

6. IMMUNOMODULATION BY CYTOKINES 
IN THERAPY OF HUMAN DISEASES 

Ever since recombinant cytokines became available more than 20 years 
ago, numerous phase I and phase II clinical trials have been performed with 
these agents worldwide. By and large, these trials have capitalized on pre- 
clinical in vitro and in vivo animal model studies demonstrating 
immunomodulatory effects of cytokines on the host immune system and its 
components. To date, IL-2 and EFN-oc are the only cytokines approved by 
Food and Drug Administration as therapies for renal cell carcinoma and 
melanoma, respectively. IFN-a is also approved for therapy of hepatitis C 
and hairy cell leukemia (43). Nevertheless, the therapeutic potential of many 
other cytokines is being evaluated in experimental clinical settings. 

From the start, two opposite strategies for cytokine-based therapy target- 
ing immune cells have emerged and still exist today. In one, a therapeutic 
cytokine of choice is systemically administered at very high doses to a sub- 
ject with defects in the immune system. The objective is to provide the exog- 
enous cytokine in excess to "force" immune recovery and induce a clinical 
response. The high-dose systemic delivery of cytokines is invariably accorri-" 
panied by severe toxicity, which may be life threatening (e.g., resulting in a 
vascular leak syndrome upon high-dose IL-2 therapy) and usually is accom- 
panied by a variety of side effects (44). Although this form of cytokine 
therapy appears to be nonphysiological and not in agreement with basic prin- 
ciples of the cytokine biology, surprisingly, it has been successful in a lim- 
ited number of cases (45). The molecular underpinnings of such high-dose 
IL-2 or IFN-a therapies are not clear, but it has been suggested that cascades 
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of other cytokine (e.g, TNF-a or IL-lpV) are responsible for toxicity as 
well as restoration of immune cell numbers or functions reported in many 
instances (46). The second approach depends on locoregional delivery of 
the cytokine to the targeted organ or site (e.g., tumor site, infection site) 
with the hope of increasing immune cell numbers and augmenting effector 
cell functions in situ. Locoregional delivery of cytokines does not induce 
severe toxicities, it is usually well tolerated, and it has been shown to alter 
immune cell infiltration and activation in situ (47). This form of cytokine 
therapy is based on a rationale that cytokines are local mediators meant to 
function at short distances in tissue, and although it is appropriate for therapy 
of local diseases, its usefulness in treatment of the systemic disease might 
be limited. Still, it should be noted that local, for instance, peritumoral or 
perilymphatic, delivery of cytokines has been shown to induce local as well 
systemic changes in immune cell activation (47). Numerous and clever ways 
of cytokine delivery to target tissues have been introduced, including 
microspheres, liposomes, viral and nonviral vectors, or plasmids. These 
strategies, many of which are discussed in this volume, are meant to assure 
continuous release of the mediator in hope of inducing persistent activation 
of immune cells in the microenvrronment. In animal models of disease, these 
strategies have been successful in inducing long-lasting and protective 
changes in the host immune system (48). Their application to therapy of 
human disease is in progress, pending safety and toxicity considerations. At 
present, experimental preclinical and clinical studies using either systemic 
or local cytokine delivery are ongoing in various institutions, and expecta- 
tions are that immune monitoring and clinical results will help in defining 
mechanisms responsible for documented objective responses in each of these 
settings. 

A considerable controversy exists in regard to therapeutic delivery of 
single recombinant cytokines vs natural mixtures of cytokines. Again, two 
widely held views conflict in that one favors therapy with well-defined, pre- 
cisely dosed single cytokines or possibly a combination of selected recom- 
binant cytokines, whereas the other insists that naturally derived cytokine 
mixtures, for instance, partially purified supernatants of mitogen-activated 
lymphocytes, are more effective in upregulating a variety of immune effec- 
tor cells and thus providing a broader therapeutic index (49). Although there 
are advantages and disadvantages to each of these approaches, the contro- 
versy emphasizes the need for further studies of cytokines as 
immunomodulators that potentially are capable of correcting pathological 
conditions. 

Finally, excessive production of cytokines has been associated with a 
spectrum of human diseases, including posttransplant rejection episodes. In 
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all these conditions, the control of cytokine cascades or inhibition of indi- 
vidual cytokines are desirable. Therapeutic strategies that attempt to restore 
the cytokine balance disturbed by pathological overproduction of cytokines 
include systemic or local delivery of inhibitory cytokines, antibodies to 
cytokines, antibodies or agents blocking cytokine receptors, and in situ 
modifications of cytokine genes, for example, with inhibitory RNA among 
others. The difficulties associated with these approaches relate to the fact 
that little is known about the regulatory mechanisms of cytokine production 
in vivo and that in vitro models of these molecular pathways in cell lines do 
not adequately reflect cellular controls operative in tissues. 

Overall, cytokine-based therapies alone or in combination with other drug 
modalities are considered to be promising and are continued to be evaluated 
for treatment of various human diseases. Many novel therapeutic strategies 
involving cytokine delivery and monitoring of cytokine responses in vivo 
have been introduced in recent years. The use of fusokines or multifunc- 
tional cytokines representing fusion proteins linking two cytokines and 
expressing them in an expression system convenient for in vivo delivery 
represent one such strategy (50). Immunocytokines are fusion proteins 
combining a cytokine and an antibody (51). They have been shown to have 
potent antitumor effects and are under intensive experimental scrutiny at this 
time. There are reasons to believe that, in years to come, cytokine-based 
therapies might fulfill their promise and become a part of the widely appli- 
cable therapeutic armamentarium for many human diseases. 

7. CONCLUSIONS 

The role of cytokines and chemokines in immunomodulation has been 
well established and generally is considered to be the basis for then- biologi- 
cal and therapeutic effects. Various immune cell subsets express receptors 
for cytokines, produce cytokines upon activation and are functionally depen- 
dent on cytokines. However, immunomodulatory effects of cytokines/ 
chemokines are superceded by their role in networking functions of immune 
as well as non-immune cells. Cytokines bridge and regulate activities of. 
many different cell types. Their participation in functions of the CNS, endo- 
crine, reproductive, hematopoietic, and immune systems places cytokines at 
the interface and indicates that they are ubiquitous and essential for sur- 
vival. Their biological characteristics and therapeutic potential further sup- 
port this notion. A rapidly expanding body of recent evidence indicates that 
cytokines are essential for cell-to-cell communication and for orchestrating 
local cellular events in a variety of tissues. As such, they subserve a central 
role of lmking and integrating signals delivered by different systems. For 



12 



Whiteside 



this reason, the understanding of cytokine crosstalk and their signaling at 
the molecular level are special challenges to be faced by investigators in the 
near future. Only through such an understanding are we likely to be able to 
harness cytoMnes/chemokines as useful pharmacological and therapeutic 
agents for human diseases. 
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New regulators of NF-kB 
in inflammation 
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Abstract f Research onthebiologicalfunction of nuclear factor-KB (NF-kB), a key mediator 
of inducible transcription in the immune system, has traditionally focused on its role in the 
initiation of innate and adaptive immune responses. These studies have largely concentrated 
on the mechanisms of signalling that lead to NF-kB activation and on the positive role of 
NF-kB in both physiological immunity and pathological inflammation. More recently, there 
has been growing interest in the mechanisms that directly regulate the NF-kB transcriptional 
programmes. As a result, several new NF-kB regulatory components have been identified 
and some of the known components have been assigned new roles. In this Review, we discuss 
these new insights into the regulation of NF-kB. 
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The mammalian nuclear factor-KB (NF-kB) family- 
consists of five related transcription factors that regu- 
late inducible gene expression in various physiological 
contexts. The link between the activation of NF-kB 
and inflammation has been shown in various human 
diseases and in animal models of disease. In addition, 
the role of NF-kB in mediating inflammation has been 
established using genetic approaches or with chemical 
inhibitors. In most cases, either epithelial cells of die 
infected tissue or tissue-resident haematopoietic cells, 
such as mast cells or dendritic cells (DCs), initiate the 
infiam matory response by triggering pro-inflarrnnatory 
pathways through NF-kB in response to inflamma- 
tory stimuli 1 . Activation of NF-kB results in the 
upregulation of adhesion molecules and chemokines by 
vascular endothelial cells and within the tissue. This then 
leads to the recruitment and activation of effector cells, 
initially neutrophils and then macrophages and other 
leukocytes. NF-kB is also crucial for the production of 
antimicrobial effector molecules and for the survival 
of leukocytes in an inflammatory milieu. In fact, NF-kB 
has a fundamental role in mediating all of the classical 
attributes of infl ammation — rubor, calor, dolor and 
tumor — by regulating transcriptional programmes in 
tissue epithelial and stromal cells, vascular endodielial 
cells and haematopoietic cells. 

The pro -inflammatory transcriptional programmes 
diat are regulated by NF-kB organize and execute the 
inflammatory response. These transcriptional pro- 
grammes differ depending on the inducing stimulus and 
on the cell type that is mediating the response. Therefore, 
the NF-kB -dependent genes that are expressed by 



endothelial cells in response to the microbial product 
Lpopolysacchaiide (LPS) can be different from those 
that are induced in response to the pro-irmammatory 
cytokine tumour-necrosis factor (TNF). Although some 
of these differences arise from epigenetic modifications 
that are associated with different genes in different cell 
types, there is little doubt that a significant degree of 
diversity results from the complexity of the NF-kB sys- 
tem. Indeed, even repeated stimulation of die same cells 
with the same stimuli can result in a markedly altered 
transcriptional output. For example, it has recently been 
shown that in LPS tolerance only the NF-KB-regulated 
pro-inflammatory genes that could be harmful if con- 
tinually expressed are hyporesponsive to repeated LPS 
stimulation, and are therefore tolerizable genes. By 
contrast, other NF-KB-regulated genes, such as antimi- 
crobial peptides, are non-tolerizable 2 , as their continued 
expression is necessary for protection against infection. 

The established model of NF-kB signalling holds that, 
in unstimulated cells, inhibitor of NF-kB (IkB) proteins 
sequester the inactive transcription factor in die qtoplasm 
(FIG. 1 ). hi this model, the key regulatory event in NF-kB 
activation is the phosphorylation of IkB proteins by the 
IkB kinase (IKK) complex, which leads to IkB protein 
ubiquitylatioii and subsequent degradation. This results 
in the release of cytoplasmic NF-kB complexes, which 
then translocate to the nucleus and drive die expression of 
target genes. Therefore, the signalling pathways diat lead 
to the activation of die IKK complex are crucial regulatory 
events in NF-kB activation. However, studies carried out 
over the past 10 years have revealed a far more compli- 
cated picture of how NF-kB is activated. We now know 
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Figure 1 1 Relevant regulatory nodes in NF-kB signalling pathways. In the simplest model of nuclear factor-KB 
(N--kB; activation, an inflammatory stimulus activates signal transduction pathways that induce the activation of the 1KK 
(inhibitor of NF-kB (IkB) kinase) complex. This results in the phosphorylation of IkB proteins and consequently their 
degradation by the proteasome. Released NF-kB dimers translocate to the nucleus and bind kB sites in the promoters or 
enhancers of target genes, which leads to their transcription. Each step represents a regulatory node with several known 
inputs and outputs. These include additional IKK targets that affect NF-kB transcriptional activity, the role of IkB proteins 
in shapi ng transcriptional programmes, signalling pathways and cefaclors that lead to selective gene expression by 
NF-kB. and mechanisms that control the termination of NF-kB activity. Additional regulatory events in NF-kB pathways, 
including negative feedback loops, are not shown. Note thatthe green phosphate signifies phosphorylation that results in 
negative regulation of the phosphorylated protein, whereasthe yellow phosphate indicates activation. Ub, ubiquitin. 



that there is a complex interplay between signal-induced 
post-translational modifications of NF-kB and the ability 
of this transcription factor to both promote and inhibit the 
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Understanding the intricate relationships between 
NF-kB signalling pathways and the variability in the 
expression pattern of NF-KB-regulated genes is currently 
a key focus in the field of NP-KB-signalling research. The 
ability to effectively target NF-kB for therapeutic interven- 
tion requires an understanding of how these intricacies 
govern NF-kB activity. What regulates selectivity in 
the activation of NF-kB transcriptional programmes? 
What terminates NF-kB responses and how is this 
process controlled? Answers to such questions will 
probably require the identification of new regulatory 
components and new functions for known components 
of the NF-kB pathway. In this Review, we discuss recent 
insights into the functions of IKK and IkB proteins, 
describe new intermediates that shape the NF-kB tran- 
scriptional response and consider new mechanisms that 
are responsible for terminating NF-kB transcriptional 
activity. Of course, there are many interesting regulators 
of NF-kB, new and old, that fit this description and are 
not discussed here — most of these have been reviewed 
extensively in REFS 3-9. In this Review, we focus on fac- 
tors that we believe reveal new mechanisms of selective 
regulation of NF-kB. 

Components of the NF-kB signalling pathway 

The mammalian NF-kB family consists of p50 (also 
known as NF-kB1), g52, (also known as NF-kB2), p65 
(also known as RELA), REL and RELB, which all share 
an ammo-terminal REL homology domain (RHD) and 
are regulated by eight IkB family members (FIG. 2; TABLE 1 ). 
Dimers of NF-kB proteins bind to kB sites in promoters 
or enhancers of target genes, the transcription of which 
is regulated through the recruitment of transcriptional 
co-activators and transcriptional cc-repressors 7 . Transcription 
of pS5, RELB and REL is positively regulated through 
the transactivation domain (TAD). By contrast, p50 and 
p52 lack TADs and therefore can function in three pos- 
sible ways: by altering KB-site specificity as heterodimers 
with TAD -containing family member; by repressing 



transcription when bound to kB sites as homodimers, or 
by promoting transcription through the recruitment of 
other TAD-containing proteins to the kB sites. 

In unstimulated cells, NF-kB is sequestered in the 
cytoplasm by IkB proteins. The IkB protein family com- 
prises three functional groups: the typical IkB proteins 
IkBoi, IkBB and IxBe, which are present in the cytoplasm 
of unstimulated cells and undergo stimulus-induced 
degradation and resynthesis; the precursor proteins plOO 
and pl05, which can be processed to form the NF-kB 
family members p52 and p50, respectively, or can be 
degraded; and the atypical IkB proteins IkB£ (encoded 
by NFKBIZ), BCL-3 (B-cell lymphoma 3) and IkBNS 
(encoded byNFKBID), which are generally not expressed 
in unstimulated cells, but are induced following activation 
and mediate their effects in the nucleus. IicBa is the pro- 
totypical member of the IkB femily of proteins. Following 
cell stimulation, it undergoes rapid ubiquitin-mediated 
proteasomal degradation that results in the release of 
the bound, cytoplasmic NF-kB dimers. Cytoplasmic 
NF-kB then translocates to the nucleus and drives gene 
expression, including that of IkBcc, which facilitates the 
termination of the transcriptional response by bmding 
and retaining the NF-kB dimers in the cytoplasm 8 . The 
dominance of IkBcc in both the rapid release of the proto- 
typical p50-p65 NF-kB dimer and in the negative regula- 
tion of NF-kB has slowed efforts to understand the unique 
functions of other IkB femily members. However, recent 
studies have begun to reveal the importance of atypical 
members of the IkB family (see later). 

The IKK complex, which phosphorylates IkB follow- 
ing activation, consists of two homologous kinase sub- 
units, IKKct (also known as EKK1) and lKKB (also known 
as IKK2), and a regulatory subunit, IKKy (also 
known as NEMO) 4,10 , hi most canonical NF-kB signal- 
ling pathways (including those that are activated by the 
pro-inflarnmatory cytokines TNF and interleukin-1 
(IL-1), and by various microbial products), IKKB is 
necessary and sufficient for the phosphorylation of 
IkBcc, although there is increasing evidence of a role for 
IKKct in this process 3 . Even when IKKct is dispensable 
for IkBcc phosphorylation, it can function as an impor- 
tant regulator of the NF-KB-dependent transcriptional 
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Figure 2 | Members of the NF-kB, IkB and IKK protein 
families. The domains that typify each protein family are 
indicated, and alternative nomenclatures are provided in 
brackets. The precursor proteins plOO and pl05 function 
as both IkB (inhibitor of nuclear faetor-KB (NF-kB)) proteins 
and, when processed by the proteasome, NF-KBfamily 
members.ANK.ankyrin-repeat; BCL-3, B-cell lymphoma 3; 
CC, coiled-coil; DD, death domain; CRR, glycine-rich 
region; HUH, helix-loop-helix; IKK, kB kinase; LZ, 
leucine-zipper; NBD, NF-KB-essential-modutator- 
bi riding domain; PE5T, proline-, glutamic acid-, serine- 
and threonine-rich; RHD, REL homology domain; 
TAD, transactivation domain; ZF, zinc-finger. 

response through non-lKB substrates, such as NF-kB 
itself, transcriptional co-activators and transcriptional co- 
mpressors 4 ' 8 . IKKy is required for all canonical NF-kB 
signalling pathways, including those that are catalysed 
by IKKa. By contrast, the non-canonical NF-kB path- 
way proceeds through the induction of plOO process- 
ing and the release of p52-containing dimers, and this 
process is thought to depend primarily on IKKa. The 
non-canonical pathway is activated mainly through 
members of the TNF receptor superfamily, such as the 
lymphotoxin-fj receptor 4 - 10 . 

Negative feedback loops that involve activating and 
inhibitory phosphorylation events are well described 
in several NF-kB pathways. More recently, an analo- 
gous role has been proposed for the post-translational 
ubiquitylation of signalling intermediates 5 . However, 
relatively less effort has been devoted to examining 
the regulatory mechanisms that impinge directly on 



the transcriptional activity of NF-kB. Historically, this 
oversight probably stems from the fact that NF-kB- 
induced IrcBa expression provides a robust and domi- 
nant negative feedback loop that is directed against 
NF-kB- dependent transcriptional activity. 

IKKa: more than just an IkB kinase 

In addition to the main function of both IKKa and 
IKKp, which is the phosphorylation of IkB proteins 
and the subsequent release of NF-kB dimers (FIG. 3 a), 
both IKKa and IKKp have been implicated in the direct 
phosphorylation of NF-kB proteins, in particular of the 
p65 subumt 6 [FIG. 3b). This phosphorylation can regulate 
the recruitment of essential transcriptional co-activators 
and co-repressors to NF-kB in the nucleus, thereby posi- 
tively influencing NF-KB-dependent gene expression 11 . 
Intriguingly, however, IKKa-deEcient mice show higher 
inflammatory responses than wild-type mice, which sug- 
gests that IKKa has a role in restricting the transcription 
of some NF-KB-reguIated genes 12 . The mechanism of 
IKKa-mediated repression of transcriptional responses 
seems to be mediated by alterations in the expression 
levels of nuclear p65 and REL 12 [FIG. 3e). Similar results 
were seen in embryonic-liver-derived macrophages 
from IKKa-deficient mice, which expressed high levels 
of several NF-KB-regulated pro-inflammatory genes 13 . 
However, there are significant differences between these 
two reports. Li et al. observed a modest increase in the 
kinase activity of IKKp in IKKa-deficient macrophages, 
which they attributed to decreased iKBa expression 
levels and increased NF-kB transcriptional activity 13 , 
whereas Lawrence et al. did not observe the same effect 
with a knock-in mouse model expressing a mutant form 
of IKKa that lacked kinase activity 12 . Conversely, the 
loss of p65 phosphorylation and the decrease in p65 and 
REL degradation that was observed by Lawrence et al was 
not seen by Li et al. These differences could be due to the 
use of mice that lacked IKKa compared with the use of 
mice that expressed IKKa with a point mutation, and to 
the type of macrophage used in the studies. Regardless of 
diese differences, a functional role for IKKa in limiting 
pro-inflamiTiatory macrophage responses was observed 
in both studies. 

The proposed role for IKKa in regulating the 
expression levels of nuclear p65 and REL is not the only 
nuclear function uiat has been suggested for this pro- 
tein kinase. IKKa may target both transcriptional 
co-activators and co-repressors, and may bind to the 
promoters of NF-KB-regulated genes 11,15 . It was initially 
proposed that promoter-bound IKKa was responsible 
for inducing the phosphorylation of serine 10 in his- 
tone H3 (REFS 1 4,1 B); however, whether this is a direct 
or indirect effect is still unclear (FIG. 3c). More recendy, 
IKKa was shown to induce derepression of the SMRT 
(silencing mediator of retinoic acid and thyroid hor- 
mone receptor) co -repressor complex through direct 
phosphorylation, which facilitates opening up of the 
chromatin structure, and subsequent binding and 
transactivation by NF-kB 16 (FIG. 3d). Phosphorylation 
of SMRT by IKKa induces die displacement of histone 
deacetylase 3 (HDAC3) from SMRT complexes that 
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Table 1 1 Function of hcB family proteins in NF-kB activation 
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axe bound to p50 homodimers 17 . This loss of repres- 
sion and the resulting opening of the surrounding 
chromatin structure facilitate the replacement of the 
p50 homodimers with transcriptionally active NF-kB 
dimers. Therefore, IKKa may increase transcription 
by mdirectly promoting histone acetylation and DNA 
remodelling, or by increasing the acetylation and trans- 
criptional activity of p65 (REF. 6). As SMRT co-repressor 
complexes are shared between many transcription 
factors, it is unclear whether IKKa selectively affects 
NF-KB-regulated transcription. Indeed, phosphorylation 
of SMRT by IKKa may also affect transcriptional events 
that are induced by Notch 18 . However, the mechanism 
(or mechanisms) that targets IKKa specifically to certain 
promoters remains to be clarified. 

Although IKKa-induced phosphorylation of SMRT 
and removal of HDAC3 would relieve repression, 
recruitment of an active histone acetyltransferase (HAT) 
complex is also necessary for productive gene expres- 
sion. IKKa may also increase this aspect of the NF-kB 
transcriptional response. More specifically, IKKa can 
directly phosphorylate CBP (CREB-bmding protein) at 
serine 1382 and serine 1386, which leads to enhanced 
binding to p65 [REF. 19] [FIG. 5c].Thepreferenfidbm<3ing 
of p65 to CBP rather than to the tumour suppressor 
transcription factor p53 that results from phosphoryla- 
tion of CBP by IKKa is one possible mechanism by 
which p53 and NF-kB may cross-regulate each other 19 . 
This suggests that by facilitating aspects of the NF-kB 
response, IKKa may repress transactivation by other 
transcription factors. Recently, activation of IKKa 
by RANKL (receptor activator of NF-kB ligand) was 
shown to inhibit the transcription of the tumour sup- 
pressor Maspin (also known as SERP1NB5) 2 ", expression 
of which is not regulated by NF-kB dimers. However, 



IKKa associates with the Maspin promoter, which sug- 
gests that IKKa can repress gene expression independ- 
ently of NF-kB 20 . Interestingly, expression of Maspin is 
regulated by p53 (REF. 21), which raises the possibility 
that IKKa phosphorylates CBP and thereby disrupts 
its binding to the Maspin promoter. This would lead 
to reduced Maspin expression and would promote the 
expression of NF-KB-dependent genes by facilitating 
CBP binding to active NF-xB complexes. 

Therefore, IKKa seems to be a remarkably versatile 
molecule that can function not only in its traditional role 
as a kinase for IkB, but also in other ways that affect gene 
expression (FIG. 3}. This surprising complexity of the bio- 
logical role of IKK proteins suggests that the therapeutic 
use of IKK inhibitors will be less straightforward than 
initially anticipated, but also offers hope that selective 
inhibition of IKKa or IKKP could provide more control 
over NF-kB responses than previously would have been 
thought 

Atypical IkB proteins and inflammation 

The suggested function of IkB proteins has evolved in 
recentyear s from being simple inhibitors of NF-kB activity 
to more complex regulators of gene expression (FIG. 4) . For 
example, IkB proteins can promote the formation of other- 
wise unstable NF-kB dimers, such as RELB-containing 
dimers, and thereby influence the range of NF-kB dimers 
that are present in a given cell 7 . In addition to sequestering 
NF-kB dimers in the cytoplasm, IkB farnily members have 
also been suggested to stabilize nuclear and DNA-bound 
dimers. Moreover, some IkB proteins may positively 
regulate transcription by acting as transcriptional co- 
activators. Therefore, instead of considering IkB proteins 
solely as inhibitors of NF-kB, it is probably more accurate 
to consider them as pleiotropic NF-kB cofactors. Here, 
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Figure 3 | New functions for IKK proteins in NF-kB signalling. a,b | In addition to 
phosphorylating hcB (inhibitor of nuclear factor-KB (NF-kB)) family members, kB 
kinases (IKKs) regulate transcriptional responses by phosphorylating NF-kB proteins. 
c| IKKa, which is also found in the nucleus, may further promote transcription by 
inducing the phosphorylation of histone H3, which leadstogreatericB-site 
accessibility. IKKa also targets both transcriptional co-activators and CD-repressors 
directly. Phosphorylation of the key co-activator CBP (CREB -binding protein) results in 
a binding preference of CBP for p6B over other transcription factors, d | IKKa also 
targets the SMRX (silencing mediator of retinoic acid and thyroid hormone receptor) 
co-repressor complex, which associates with repressive NF-kB complexes such as p50 
homodimers, resulting fn the displacement of histone deacetylase 3 (HDAC3) and the 
replacement of pSO homodimers with transcriptionally active NF-kB complexes (for 
example, p50-p65 dimers). e | During late stages of the transcriptional response to 
pro-inflammatory stimuli, IKKa negatively regulates NF-kB expression, presumably 
through phosphorylation and targeting of p6b- and REL-containing (not shown) 
complexes for ubiquitylatlon and degradation. Note that the green phosphate signifies 
phosphorylation that results in negative regulation of the phosphorylated protein, 
whereas the yellow phosphate indicates activation. Ub, ubiquitin. 



we discuss the function of four IkB proteins — BCL-3, 
IkB^, IkBNS and plOO — with roles in NF-kB signalling 
that have spurred this re-evaluation of the function of the 
IkB family (FIG. 4). 

BCX.-3.The IkB family member BCL-3 was originally 
identified as a proto-oncogene that was overexpressed hi 
certain B-cell chronic lymphocytic leukaemias 22 . BCL-3 
does not have a clearly defined role in NF-kB signalling, 
although several unique properties of this protein have 
been described. BCL-3 functions as either a transactivat- 
ing protein or as a traditional inhibitor of NF-kB in a 
context-specific manner. The most striking characteris- 
tic of BCL-3, compared with other IkB proteins, is that 
it has a well-defined TAD. BCL-3 is also mainly located 
in the nucleus (which is consistent with a role as a direct 
regulator of transcription) 23 , where it forms complexes 
with p50 and p52 homodimers 13 . These NF-kB fam- 
ily members lack TADs and are therefore repressive, 
but binding to BCL-3 possibly confers transactivating 



activity. Alternatively BCL-3 might facilitate trans- 
cription by displacing the p50 and p52 homodimers 
and allowing transcriptionally active NF-kB dimers to 
take their place. It is also possible that BCL-3 inhibits 
NF-icB-dependent transcription by stabilizing p50 and 
p52 homodimers that are bound to kB sites [FIG. 4b). 

The ability of BCL-3 to facilitate or inhibit NF-kB- 
dependent transcription is, in part, determined by 
post-translational modifications. BCL-3 is subject to 
several phosphorylation events that regulate its ability 
to bind to p50 or p52 homodimers and possibly confer 
transactivating activity 23 " 35 . Therefore, the formation 
of transcriptionally active BCL-3-p50-p50 or BCL-3- 
p52-p52 complexes may require phosphorylation, as 
well as ubiquitylatlon (see later), of BCL-3 (REFS 26,27). 
However, the group of genes that is regulated by 
BCL-3 has yet to be described, with the exception of 
the NF-kB -regulated cell proliferation gene cyclin Dl. 
The expression of cyclin Dl is controlled by the bind- 
ing of BCL-3-p52-p52 complexes to a kB site in its 
promoter 28 . However, when p53 is active the expression 
levels of BCL-3 decrease, and p52 homodimers bind 
to the same kB site within the cyclin Dl promoter and 
repress transcription by recruiting HDAC1 [REF. 29], 

In addition to phosphorylation, transcriptional 
activation by BCL-3 depends on its localization to die 
nucleus, which has recently been shown to depend on 
ubiquitylation. BCL-3 ubiquitylatlon is negatively regu- 
lated by the deubiquitylating enzyme cylindromatosis 
protein (CYLD), a negative regulator of NF-kB signal- 
ling 27 . Because CYLD is itself an NF-icB-regulated gene, 
diese results may help to clarify some of the confusion 
surrounding BCL-3 function: to form transcriptionally 
active complexes, BCL-3 must be induced and phos- 
phorylated either in the absence of CYLD or under 
conditions in which BCL-3 resists deubiqiritylalion by 
CYLD. When CYLD and BCL-3 are co-expressed, p50 
or p52 homodimers are displaced from the promoter by 
deubiquitylated BCL-3 [REF. 2 7). 

However, BCL-3 may also function as an inhibi- 
tor of NF-kB activity by stabilizing repressive NF-tcB 
homodimers in a DNA-bound state and preventing 
the binding of transcriptionally active dimers. In fact, 
stabilization of repressive complexes through the induc- 
tion of BCL-3 expression has been proposed to function 
in processes such as LPS tolerance 50,31 . BCL-3 mayprevent 
ubiquitylation of p50 homodimers and their replacement 
with transcriptionally active NF-kB dimers 31 . Inhibition 
of NF-kB by this mechanism would specifically occur 
at kB sites that exhibit a strong binding preference for 
p50 homodimers, which may explain the existence of 
both LPS-tolerizable and LPS-non-tolerizable genes, as 
described recently 2 . Treatment of macrophages with the 
anti-inflammatory cytokine IL-10 induces die expression 
of BCL-3, and this leads to the inhibition of LPS-induced 
TNF production 32 . In addition, BCL-3 that is associated 
with pSO homodimers can regulate the expression of 
IL-10 in response to LPS 3 ". BCL-3-p50-p50 complexes 
also negatively regulate the expression of the pro- 
inflammatory cytokine IL-23; IL-HL deficient mice 
produce increased levels of IL-23 owing to decreased 
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binding of the BCL-3-p50-p50 NF-kB complexes to the 
IL23pl9 promoter, which allows p65-containing NF-kB 
complexes to induce transcription of this gene 31 . Thus, 
BCL-3 restricts inflammation by both suppressing pro- 
inflammatory gene expression and by inducing the 
expression of anti-inflammatory cytokines. 
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Figure 4 | New functions for HcB family members. Nuclear factor-KB (NF-kB) activation 
results in the transcription of inhibitor of NF-kB (IkB) genes, a | De novo synthesis of the 
atypical IkB proteins B-cell lymphoma 3 (BCL-3), IkBC and IkBNS results in the formation 
of complexes with transcription ally incom petent p50 or p5Z homodimers. b | BCL-3 can 
facilitate the transcription of a subset oF NF-KB-dependent genes by providing 
transactivating ability to the inhibitory p50 [not shown) or p52 homodimers when 
subjected to proper post-translational modifications (phosphorylation and ubiquitylation) 
that are induced by pro-inflammatory signalling pathways. Non-phosphorylated but 
ubiquitylated BCL-3 that is in duced by anti-inflammatory cytokines could also stabilize 
these inhibitory pSO or p52 homodimers that repress transcription. Alternatively, the 
deubiquitylating enzyme cylindromatosis protein (CYLD) can remove ubiquitin from 
BCL-3, which results in the seq uestration of BCL-3-p52-p52 (or BCL-3-p5O-p50) 
complexes in the cytoplasm, c | IkB£ provides transcription ability to p50 homodimers 
when complexed with them. By contrast, when complexed with p65-contain ing dimers. 
IkBC, can repress transcription, d | !kBN5 that is induced in response to anti-inflammatory 
cytokines such as interleuktn-10 (IL-10) can repress transcription by stabilizing inhibitory 
p50 homodimers. e[ Expression of the NF-KBand IkB precursor proteins pl05 and plOO 
generates increasing pools of p50 and p52 homodimers and, in the case of plOO, 
selectively stabilizes RELB-containing dimers. This provides both induced and 
constitutive NF-kB activity that depends on IkB kinase a (IKKot). f | Resyrtthesis of the 
typical IkB proteins, especially ItcBctand kBe, provides negative feedback. Ub, ubiquitin. 



IkBC IkBC is more homologous to BCL-3 than to the 
other IkB family members. IkBC, is not expressed consti- 
rutivery, but is upregulated in response to specific NF-kB 
sign allin g pathways, such as the myeloid differentiation 
primary-response gene 88 (MyD88)-dependent signalling 
pathways that are activated by IL-1 and LPS. Although 
other NF-KB-inducing stimuli lead to IkBC transcription, 
stabilization of the transcript and upregulation of IkBC 
protein expression depends on additional signalling that 
is provided through Toll-like receptors (TLRs) or the 
IL-1 receptor (IL-1R) but not by TNT 34 . mRNA encod- 
ing IkBC can also be stabilized by IL-17 stimulation, and 
co-stimulation with TNF and TL- 1 7 can therefore induce 
levels of IkBC that are similar to those that are induced in 
response to LPS or TL- 1 (REF. 34). It is unclear what shared 
signal between the IL-17R and IL-lRmediates this effect- 
However, rather than providing a negative feedback 
effect, such as that provided by typical IkB proteins, IkB^ 
can positively regulate certain NF-kB- dependent genes in 
response to TLR4 or TX-1R stimulation 35 . 

Similar to BCL-3, IkBC associates with NF-kB dim- 
ers that lack a TAD, especially p50 homodimers. Newly 
synthesized IkBC associates with p50 homodimers that 
are bound to kB sites, for example, on the 116 promoter. 
Consistent with this, there is no induction of IL-6 expres- 
sion in hcBC-deficient cells 33 . Unlike BCL-3, however, 
IkBC does not nave a well-defined TAD, although 
overexpression experiments suggest that it may have 
transactivating activity when bound to p50 (REF. 36). To 
complicate matters further, IkBC may also negatively 
regulate p65-containing NF-kB complexes, because it is 
capable of transactivation when bound to p50 but not 
when bound to p65 (REF. 36]. Consistent with this differen- 
tial role, there is a slight increase in the expression of some 
p65-dependent gene transcripts in IicBC-defieient mice 35 . 
Therefore, IkBC, similarly to BCL-3, can selectively inhibit 
or activate certain NF-kB dimers (Fig. 4c). It should also be 
noted that in both cases there is probably also competition 
for promoter-bound NF-kB dimers between typical IkB 
family members and IkBC or BCL-3. 

IkBNS. IkBNS was first identified as an IkB family 
member that is indudbly expressed in T cells undergoing 
negative selection 37 . Overexpression of IkBNS only par- 
tially inhibits NF-kB reporter-gene activity, and IkBNS 
has a preference for binding p50 in vitro 37 . Subsequent 
work has shown that IkBNS expression can be induced 
in multiple tissues and, similarly to BCL-3 expression, is 
strongly induced by the anti-inflammatory cytokine IL-10 
(REF. 38). When IkBNS expression is reduced using RNA 
interference (RNAi), IL-10 fails to inhibit the induction 
of IL-6 after subsequent LPS stimulation 34 . Thus, it was 
proposed that following IL-10 treatment of macrophages, 
induced IkBNS suppresses IL-6 production by associat- 
ing with DNA-bound p50 homodimers and preventing 
the binding of transcriptionally active NF-kB dimers to 
DNA 3a (FIG. 4d). 

In the absence of IkBNS, there is a selective increase 
in the production of LPS-induced IL-6 and IL-12p40 
but not, for example, in the transcription of Tnf 3 *. 
Furthermore, IkBNS selectively regulates only the late 
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RNAs (dsRNAs) with sequences 
that precisely match a given 
gene in order to knock down 
the expression of that gene 
by directing RNA-deerading 
enzymes to destroy the 
encoded mRMA transcript. 
The two most common forms 
of dsRNAs that are used for 
gene silencing are small — 
usually 21 -base-pairs long — 
Interfering RNAs and 
plasmid-dellvered short 
hairpin RNAs, 



stages of IL-6 transcription in LPS-stimulated cells. In 
the absence of IkBNS, the increased binding of p65 dinn- 
ers to the H6 promoter was prolonged beyond the 3 hours 
observed in wild-type cells 3 '. Therefore, induced IkBNS 
has a selective repressive effect on certain kB sites in the 
promoters of pro-inflammatory target genes. Recently, 
it has also been shown that both BCL-3 and IkBNS are 
induced following stimulation with LPS in regulatory 
DCs, a subset of DCs that produces high levels of IL-10 
in response to LPS stimulation 40 . Surprisingly, despite 
the initial observation that IkBNS is inducibly expressed 
during thymocyte selection, iKBNS-deficient mice have 
normal thymic development and T-cell function 39 '' 11 . 
There is a mild proliferative defect in IicBNS-deficient 
T cells owing to decreased IL-2 production, which 
suggests that IkBNS might increase 112 transcription* 1 . 
Therefore, although IkBNS bound to p50 homodimers 
on DNA is an inducible negative regulator of NF-kB 
activity, it might also increase the expression of a small 
subset of genes. The mechanism by which it acts is yet 
to be defined. 

plOO. The precursor protein plOO adds another level of 
complexity to the IkB family [FIG. 4e). Processing of plOO 
to generate the NF-kB family member p52 occurs con- 
stitutively at a low level, but is also induced in response 
to certain NF-kB stimuli that activate IKKa (REFS 42,43]. 
plOO associates with several NF-kB family members, but 
its main partner is RELB, which associates primarily with 
plOO or p52 and requires plOO binding for stability 44,45 . 
As a result of selective binding of plOO to RELB, con- 
stitutive IICKa -dependent processing of pi 00 in certain 
tissues can significantly affect basal NF-kB activity 16 . 
Consequendy, some tissues such as the thymus and the 
spleen, which contain increased numbers of RELB-p52 
heterodhners, have decreased NF-kB activity in RELB- 
deScient mice 47 . Induction ofplOO expression by NF-kB 
can also facilitate the exchange of p65-containing het- 
erodimers for heterodimers of RELB and p52 [REF. 4B). 
In this context, replacing p65-containing heterodim- 
ers through the induction of RELB-p52 heterodimer 
formation could promote continued transcription by 
overcoming negative feedback, mechanisms that target 
p65-containing complexes at late stages of the response: 
for example, at the Ccll9 (CC-chemokine ligand 19) and 
Ccl22 promoters 48 . However, at other promoters, includ- 
ingthose ailllb and Tnf, RELB might act as a transcrip- 
tional repressor and might therefore maintain LPS 
tolerance owing to its induction at later time points 4 ' -50 . 

Although stabilization of RELB dimers may be regu- 
lated exclusively by pi 00, pi 00 itself can actmore broadly 
in inhibiting NF-kB dimers. p 100 can regulate a fraction 
of canonical, p65-containing NF-kB dimers through 
pathways that signal through IKKa (REF. 51], An increase 
in plOO and, consequently, p52 levels would promote the 
formation of RELB-p52 complexes, whereas increased 
pi 00 binding to canonical NF-kB complexes would 
change the regulation of these complexes. For example, 
pi 00 is upregulated in T cells following T-cell receptor 
stimulation and forms complexes with p6S -containing 
dimers 52 . This places canonical complexes under the 



control of alternative-pathway stimuli that lead to the 
activation of IKKa and the degradation of pi 00. pi 00 
therefore exhibits properties that are representative of 
several important IkB functions. plOO is required for the 
stabilization of RELB, which indicates that IkB proteins 
can help to determine the composition of NF-kB dimers 
and thereby shape the transcriptional response. 

Regulation of NF-kB transcriptional activity 

Specificity in transcriptional responses can, in part, be 
provided through the combinatorial effects of trans- 
cription factors. For NF-kB, the complement of hetero- 
dimers and homodimers of the five family members 
that are selectively regulated by IkB proteins, as previ- 
ously discussed, is a primary source of transcriptional 
specificity 7 . However, there are additional factors that 
determine what constitutes an NF-KB-regulated gene 
for a given stimulus (see Su pplementary information S 1. 
(box)). These factors can be necessary for the expres- 
sion of many NF-KB-regulated genes, as has recently 
been reported for the Akiriri proteins, the mechanism 
of action of which is unknown. In addition, these factors 
can allow a given NF-kB dimer to induce distinct trans- 
criptional programmes in response to different stimuli. 
For example, phosphorylation of p65 at serine 276, which 
can be targeted by several kinases in diverse signalling 
pathways, is required for the induction of most, but not all, 
p65-regulated transcriptional responses 53 . Crosstalk with 
other signalling pathways that are induced by many of the 
same stimuH as NF-kB, such as the p38 pathway, shapes 
NF-kB responses by regulating the activation of NF-icB 
and by inducing changes in chromatin stmcture that are 
necessary for the activation of certain genes by NF-kB. 
We hope that identifying these factors diat are selectively 
required only for the transcription of certain NF-kB target 
genes will provide a way of targetmg inflammatory disease 
without crippling host immunity. 

Akirin. The newly described protein Akirin is highly 
conserved diroughout evolution and is required for the 
expression of a subset of NF-KB-dependent genes (FIG. 5]. 
There are two mammalian Akirin genes, Akirin 1 and 
Akirin2. Mice that lack Akirinl are overtly normal, and 
cells from these mice show a mild increase in IL-6 produc- 
tion in response to LPS, IL-lpJ or MALP2 (macrophage- 
activating lipoprotein 2; a TLR2 and TLR6 agonist) 54 . 
However, deletion of AkirinZ leads to early embryonic 
lethality, and IL-6 production in Akirin2-'- mouse 
embryonic fibroblasts is markedly decreased in response 
to several NF-kB stimuli* 4 . Although degradation and 
resynthesis of hcBa is relatively normal, the expression 
of genes such as BCL-3, CXC-chemokine ligand 10 
(CXCL10) and CCL5 is also greatly reduced in the absence 
of Akhin-2 [REF. 54). Akirin is a nuclear protein, and stud- 
ies in Drosophila melanogaster suggest that Alcirin might 
modify chromatin in certain NF-KB-responsive genes, 
thereby allowing more efficient recruitment of NF-kB to 
DNA. Consistent with a more general role in chromatin 
modification, loss of Akirin expression in D. melanogaster 
results in a more severe phenotype than loss of the NF-kB 
homologue Relish 5 ' 1 . 
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Figure 5 | Selective activation of NF-kB transcriptional activity. The newly 
described n uclea r proteins Akirins are required for the transcription of a subset of 
nuclear factor-icB (NF-icB)-dependent genes. Their mechanism of action is unclear, 
although it seems to be independent of nuclear localization and binding toicB sites. 
The mitogen-activated protein kinase (MAPK) p38 governs an autoregulatory loop that 
affects a subset of genes that are transcribed by NF-kB in response to inflammatory 
stim uli. Through mitogen- and stress-activated kinase 1 (M5K1), or potentially other 
histone kinases, p38 induces the phosphorylation of histone H3 at serine 10 and 
increases DNA accessibility for NF-kB binding at specific promoters, for example, those 
of interleukin-12 p40 (IU2p40) and f!6. Activation of MSK1 may also directly increase 
transcription through the phosphorylation of p65 at serine 276. The p3 8 substrate 
MAPK-activated protein kinase-2 (MK2) phosphorylates heat-shock protein 11 (H5P27), 
which leads to the translocation of the HSP27-MK2-p38 complex out of the nucleus. 
Cytoplasmic p38 further augments pro-inflammatory responses by increasing the 
translation of mRNA AU-rich element (ARE)-containing cytokines, including 
tumour-necrosis factor (TNF). 



p38: histone modification at specific target genes. 
Activation of NF-kB during inflammation is accom- 
panied by phosphorylation of histone H3 on specific 
target genes, and this can be mediated by the mitogen- 
activated protein kinase (MAPK) pathway. The use of 
specific inhibitors for the MAPK p3S (also known as 
MAPK14) in conjunction with LPS stimulation results in 
decreased phosphorylation of histone H3 at the Ill2p40 
andlZfj promoters, but not at the licba promoter [FIG. S) 55 . 
The decrease in histone H3 phosphorylation at these 
promoters following p38 blockade and LPS stimulation 
is accompanied by delayed p65 binding which suggests 
that p38-dependent phosphorylation of histone H3 at 
serine 10 increases p65 binding to specific promoter 
sites 55 . Interestingly, inhibition of p38 affects neither 
global DNA binding by NF-kB nor transcription from 
promoters at which the phosphorylation of serine 10 
does not depend on p38 (for example, for promoters 
of licba transcription) or at which serine 10 phospho- 
rylation is not evident (for example, for promoters of 
Tnf transcription) 55 . The strength of MAPK signalling 
may therefore determine the selective transcriptional 
profiles of NF-kB pathways, even those that use the 
same complement of NF-kB dimers. The histone kinase 
that acts downstream of p38 has yet to be identified 
in this specific scenario. One reported p38 target is 



mitogen- and stress- activated kinase 1 (MSK1), which 
might regulate the transcription factors CREB (cyclic- 
AMP-response-element binding protein) and NF-kB 56 , 
and can directly phosphorylate p65 [REE 57). Indeed, 
it has been shown that p38 activates CREB to regulate 
the expression of genes that are downstream of TLR4 
[REE 58). Cooperation between CREB and NF-kB, in 
addition to a direct effect of p38 on DNA accessibility 
for NF-kB binding at specific promoters, may therefore 
contribute to the regulation of key components of the 
inflammatory response in an inflammatory milieu, par- 
ticularly by fecihtatrng macrophage survival through the 
lipregulation of anti-apoptotic target genes 58 . 

MK2. MAPK-activated protein kinase-2 (MK2, also 
known as MAPKAPK2) has recently been implicated 
in dampening the activity of NF-kB by regulating p38 
[REF. 59) (FIG. 5). Well-characterized substrates of MK2 
are the family of small heat-shock proteins (HSPs) 60 . In 
a mouse model of lung umarnmation, phosphorylation 
of HSP27 and the production of NF-KB-dependent 
pro-inflammatory cytokines are both decreased in MK2- 
deficient mice 55 . Mechanistically it seems that MK2 is 
required for the maintenance of DNA- bound NF-kB. 
Knockdown of the expression of either HSP27 or MK2 
decreases p65 nuclear retention and DNA binding 551 . This 
defect in NF-kB DNA binding in the absence of MK2 is 
evident primarily during the late stages of the response. 
Overexpression of a mutant form of HSP27 that can- 
not be phosphorylated has the same effect, which indi- 
cates that MK2 increases late transcriptional responses 
through this substrate 59 . Interestingly, phosphorylation 
of p65 at serine 276 is increased at earlier time points in 
MK2-deficient cells and in cells that lack MK2 or HSP27 
expression. This increase correlates with increased Ijcba 
transcription at early time points and decreased nuclear 
p65 levels at later time points 59 

There are several kinases that could be involved in 
the increased phosphorylation of p65 that is observed 
in the absence of MK2. Studies using RNAi-mediated 
knockdown suggest that a probable candidate for this is 
MSK1 [REF. 58). As discussed earlier, MSK1, a known p65 
kinase, can be regulated by p38 in many pathways that also 
activate NF-kB. Furthermore, HSP27 or MK2 deficiency 
decreases the nuclear accumulation and total expression 
levels of p38 [REFS SI ,63). Taken together, these data sug- 
gest the following mechanism (FIG. 5): MK2 promotes p38 
exit from the nucleus by phosphorylating HSP27, thereby 
limiting MSK1 activation by p38 during the early stages of 
the NF-kB response. However, MK2 also limits NF-kB- 
induced negative feedback mechanisms, including IKba 
transcription. MK2 and p38 probably also can function 
together in regulating stability of cytokine mRNA. Binding 
of NF-kB and transcription from the Tn/promoter does 
not depend on phosphorylation ofhistone H3 at serine 10 
(REF. 55). Instead, activation of p38 is, in part, responsible 
for the stabilization of Tnf mRNA, which is crucial for the 
enhanced expression of TNF 43 . Therefore, expression of 
TNF protein, which is decreased in MK2-deflcient cells, 
relies on the p38-MK2 pathway that promotes translation 
by acting on the Tnf mRNA ATJ-rich element 5 ' 1 . 
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Figure 6 ] Terminating NF-kB transcriptional activity, a | Activation of nuclear fa ctor-KB (NF-kB) induces the 
expression of suppressor of cytokine signalling 1 (SOCSl). In addition to targeting upstream signalling components 
(not shown), SOCSl enters the nucleus, where it participates in the formation of the ECS (etongin-B-elongin-C- 
cullin-2-SOCSl) ubiquitin ligase complex. Signalling to NF-kB also promotes the association of COMMDl (copper 
metabolism (Murrl) domain containing 1) with the ECS complex through binding of COMMDl to SOCSl and cullin-2. 
COMMDl promotes binding of the ECS complex to p6S-containing dimers and induces the ubiquitylation and 
proteasoma! degradation of these dimers. b |The proyl isomerase PINl (peptidyl-prolyl cis-trans isomerase 
NMA-interacttng 1) modifies p65 at the SOCSl-binding site, which prevents the termination of NF-kB activity by the 
ECS complex, c | PDLIMZ (PDZand LIM domain protein 2) interacts directly with p65 and promotes its relocalization 
to insoluble nuclear bodies and its ubiquitylation and degradation, d |The small ubiquitin-like modifier (SUMO) ligase 
activity of PIAS (protein inhibitor of activated STAT) prevents binding of NF-kB to certain promoters and may also 
mediate the localization of NF-kB-DNA complexes to nuclear bodies, either for silencing or degradation. Ub, ubiquitin. 



Terminating transcription and removing NF-kB 

In general, our understanding of the mechanisms that 
underlie the termination of NF-kB activity has been 
more rudimentary than our understanding of the 
regulatory mechanisms that lead to its activation. It 
is generally accepted that the termination of NF-kB 
activity relies mainly on the resynthesis of IkB proteins, 
a model that is supported by studies on IicB-deficient 
mice. However, this model does not explain how 
NF-kB dimers that are bound to kB DNA sequences 
are physically removed. It is unclear whether the 
IkB family members that terminate the response act 
directly on DNA- bound NF-kB or through some other 
mechanism. Recent studies have identified several pro- 
teins that seem to have specific roles in shutting off 
active NF-kB. The mechanisms used by these newly 
described regulators include termination of activity 
through altered cofactor binding, degradation of active 
NF-kB and displacement of NF-kB dimers from the 
DNA. The first of these mechanisms was discussed 
earlier when describing the regulation of the binding 
of p65 -containing dimers to HAT and HDAC com- 
plexes. In the next section, we discuss the second and 
third downregulatory mechanisms, which involve the 
ECS (elongin-B-elongin-C~cullin-2-SOCSl) ubiqui- 
tin ligase complex, PDUM2 (PDZ and LIM domain 
protein 2) and PIAS {protein inhibitor of activated 
STAT) (FIG. 6). 



NF-kB degradation by the ECS ubiquitin ligase 
complex. It has been suggested that at late stages of 
activation, nuclear p65- containing heterodimers are 
removed through ubiquitylation and proteasomal 
degradation 65 . Subsequent analyses suggested that this 
process might be mediated by IBaCa-inducedphosphory- 
lation of p65 (and perhaps also REL), as discussed previ- 
ously 32 . However, the ubiquitin ligase (or ligases) that is 
responsible for nuclear NF-kB degradation is unknown. 

Suppressor of cytokine signalling- 1 (SOCSl) par- 
ticipates in the formation of the ECS ubiquitin ligase 
complex and thereby decreases NF-kB transcriptional 
activity'*- 6 ''. Independendy of its role in regulating cyto- 
plasmic signalling pathways, overexpression of SOCSl 
decreases p65 stability 69 . Recently the COMMDl (cop- 
per metabolism (Murrl) domain contairjing 1) protein, 
which inhibits NF-kB and suppresses HIV replication, 
was also shown to associate with, the ECS complex 70 '' 1 . 
Functionally, it seems that COMMDl promotes associa- 
tions between pS5 and SOCSl and between SOCSl and 
culhn-2, which facilitates the ubiquitylation of pS5 by the 
ECS complex and its subsequent proteasomal degrada- 
tion (FIG. 6). Although the expression levels of nuclear p65 
and its target transcripts are increased following TNF 
stimulation in COMMDl -deficient cells, the kinetics 
of the termination of the transcriptional response are 
sknilar to those that are observed in control cells 71 . The 
accumulation of p65 in the nucleus was not sustained 
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PML nuclear body 
A type of nuclear speckle of 
unknown function that contains 
several proteins, including the 
promyelocyte leukaemia 
(PML) protein. 

Small ubiqultin-llke modifier 
(SUMO) E3 ligase 
An enzyme that catalyses the 
conjugation of SU MO to a 
protein substrate 

LPS-induced shock 
A clinical condition that is 
induced by hyper-reactivity of 
the innate immune system to 
bacterial LPS. it is mediated by 
the pro-innammatory cytokines 
interleukm-1 and tumour- 
necrosis factor, both of which 
are produced in high amounts 
following sustained activation 
of Toll-like receptor 4 by LPS. 



in COMMDl-deficient cells owing to an increase in 
the resynthesis of ItcB 71 . Blocking de novo synthesis of 
proteins (including IkBoc) in COMMDl-deficient cells 
resulted in sustained high levels of nuclear p65 at late 
time points, which suggests that higher levels of IkBcc 
expression (owing to COMMD1 deficiency) during 
early stages of activation reduce the levels of nuclear 
p65 at late stages 71 . Therefore, COMMD1 targeting of a 
SOCSl-containing ubiquitin ligase complex to p65 is a 
significant contributor to the termination of the p65- 
mediated transcriptional response. However, even in 
the absence of COMMD1, nuclear p65 levels decrease 
at late time points relative to the peak of the response 
owing to IkBcc resynthesis, and not all NF-KB-dependent 
genes exhibit a significant alteration in their expression 
profile. Therefore, other mechanisms in addition to ECS- 
mediated ubiquitylation and degradation of p65 have 
important roles in the termination of NF-kB activity. 

Under certain circumstances the ECS complex may be 
selectively regulated by PIN1 (peptidyl-prolyl cis-trans 
isomerase NIMA-interacting 1). It was initially observed 
that increased PIN1 expression in cancer cells correlated 
with induction of NF-kB activity, and in overexpression 
experiments PTN1 could activate NF-KB-dependent 
transcription independently of the IKK complex and deg- 
radation of IkB. Prnf- mouse embryonic fibroblasts are 
resistant to IL-1 stimulation and do not activate NF-kB in 
response to TNF or LPS 59 . The PINl-binding site in p65 
overlaps with the SOCS1 -binding site, and overexpres- 
sion of PINT reverses the decrease in p65 stability that is 
observed following SOCS1 overexpression 65 . However, 
a point mutant of p65 (threonine 254 to alanine) that 
disrupts PIN1 binding but not SOCS1 binding is highly 
unstable. Therefore, PIN1 seems to prevent ECS-induced 
ubiquitylation and degradation of nuclear p65-contafning 
NF-kB dimers. 

NF-kB degradation and silencing by PDLIM2. PDLIM2 
is a nuclear ubiquitin ligase that has recently b een shown 
to function in the negative regulation of p65-containing 
dimers 72 (FIG. 6], and PDLIM2-deficient mice exhibit 
uncontrolled inflammation 72 . PDLIM2 has been sug- 
gested to function as both a p65 ubiquitin ligase and a 
targeting protein that transports p65 to specific nuclear 
compartments known as PML nuclear bodies. Therefore, 
PDLIM2 can target both nuclear p65 for proteasomal 
degradation (analogous to the ECS complex) and also 
relocalize DNA-bound p65 to areas of transcriptional 
silencing, thereby facilitating the inhibition of NF-KB- 
dependent transcriptional activity. PDLIM2 also binds 
to actin and a-actinin, which are found in the nucleus 
and have been proposed to be involved in transcriptional 
regulation 73 ' 74 . Studies of mice that lack PDLIM2 expres- 
sion suggest that it has a predominantly gene- silencing 
role 72 , and that actin depolymerization enhances the 
transcription of NF-KB-dependent cytokines, although 
this interaction has low specificity 75 . At present, the 
mechanism by which the function of PDLIM2 is regu- 
lated is not known. It is possible that PDLIM2 is con- 
stitutively active and can act on p65 only after it enters 
the nucleus 71 . Alternatively, although overexpression 



of PDLIM2 can direct p65 to PML nuclear bodies, 
additional stimulus-induced signals could be required 
for the interaction of PDLIM2 with p65 under normal 
conditions. It is tempting to speculate that MK2 and 
HSP27, which regulate actin dynamics and exhibit 
subnuclear localization 76 , also have a role in regulating 
the subnuclear localization of p65 . Recently, it has been 
shown that p65 is crucial for the formation of the inter- 
feron-P (LFNP) enhanceosome and for IFNp expression 
because it mediates the interchromosomal interaction 
of several regions with kB binding sites 77 . 

PIAS inhibits p65 DNA binding. The PIAS family of 
proteins are small ubtquitin-like modifier (SUMO) E3 ligases 
that can inhibit signal transducer and activator of trans- 
cription (STAT) and NF-kB transcriptional responses. 
Two members of this protein family, PIAS1 and PIASv 
(also known as PIAS4), have been shown to affect NF-kB 
activity. PIAS1 was initially characterized as a regulator of 
STAT1. It was subsequently found that PIAS 1 -deficient 
mice exhibit increased expression levels of interferon- 
regulated pro-inflarnmatory cytokines and increased 
sensitivity to LPS-induced shock 7 *. These observations 
suggested that, in addition to interferon responses, there 
might be a link between PIAS1 and NF-kB. Subsequent 
analyses of NF-kB occupancy of kB binding sites by chro- 
matin immunoprecipitation and other in vitro analyses 
indicated that PIAS 1 directly inhibits the DNA binding 
of p65-containing dimers 7 ' [FIG. 6). Intriguingly, the effect 
of PIAS1 on p65-induced transcription occurs at early 
time points. Therefore, PIASl-deficient cells show sig- 
nificantly increased amounts of mRNA encoding IkBcc 
and IL-1(3 30 minutes or 1 hour after stimulation, but 
relatively normal levels at later time points 75 . 

Although loss of PIASy expression only mildly affects 
STATl-mediated responses" 181 , PIASy-deficient mice, 
similarly to PIASl-deficient mice, are hypersensitive to 
LPS-induced shock and exhibit increased cytokine induc- 
tion 81 . Similarly to PIASl-deficient cells, PIASy-deficient 
cells have increased DNA binding of p65-containing 
dimers, and this depends on the inducing stimulus 81 . 
However, the subset of NF-KB-regulated genes that is 
affected by PIASy and PIAS1 is different. For example, 
loss of PIAS 1 has a marked effect on TNF-induced IkBcc 
and IL-lp expression, whereas loss of PIASy does not. 
By contrast, TNF-induced CXCL1 expression is affected 
by PIASy, but not by PIAS1 [REFS 79,8!). 

Despite their significant effects on the expression of 
certain NF-kB, regulated genes, it is unclear how PIAS 
proteins are'regulated and how they affect NF-kB DNA- 
binding activity at immediate early target genes and only 
during the initial phase of the transcriptional response. 
For example, it is surprising that the expression of IkBcc 
or IL-lp, which are NF-kB target genes that are rapidly 
and robustly induced, is increased by the loss of PIAS1 . 
Binding between NF-kB and PIAS proteins does not 
seem to be regulated" 1 . Infect, phosphorylation of PIAS1, 
which can occur in response to several stimuli, does not 
affect binding to overexpressed p6S. However, transfec- 
tion of PIASl-deficient cells with a mutant PIAS1 that 
cannot be phosphorylated does not reconstitute PIAS1 
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Box 1 1 NF-kB in the resolution of inflammation 



Although nuclear factor->cB (NF-kB) acts mainly as an initiator of inflammation, recent 
studies suggest that it also functions in the equally complex process of resolution of 
inflammation. Inhibition of NF-icB after the initial inflammatory insult, and during the 
resolution phase, may in certain conditions prolong rather than inhibit inflammation, 
thereby delaying tissue repair". Ablation of IKK (inhibitor of NF-icB (IkB) kinase) shows 
that this kinase has a role in the inflammatory response but, surprisingly, it is also 
necessary for tissue repair, including In conditions In which inflammation is the main 
mediator of tissue injury. This is evident in experiments in which conditional ablation 
of JKKp in enterocytes was induced in a model of tschaemia-reperftision injury" 5 . IKKB 
deficiency in enterocytes was necessary for both the lethal systemic inflammatory 
response that results from gut ischaemia-reperfusion and forthe repair of the damaged 
gut epithelium" 5 . Subsequent work has shown that ablation of IKK activity, throug h 
either deletion of the gene that encodes IKKy or of the genes that encode IKKa and IKKB, 
is crucial for the maintenance of the colonic epithelium" 6 -". These results are consistent 
with previous findings showing that activation of NF-kB throughToll-like receptors in 
response to gut microorganisms or hyaluronic acid is necessary forthe maintenance of 
the intestinal and lung epithelium"'* 6 . Therefore, although NF-kB fulfils its expected 
role in inducing pro-inflammatory gene-expression programmes, it also surprisingly 
has an important role in the resolution of inflammation and in tissue repair. 



ischaemia-reperfusion 

An injury in which the tissue 
First suffers from hypoxia as a 
result of severely decreased, 
mediates or completely 
arrested, blood flow. 
Restoration of normal blood 
flow then triseers 
Inflammation, which 



function 82 . Furthermore, IKKa binds PIAS1 and medi- 
ates PIAS1 phosphorylation 82 . The SUMO ligase activity 
of PIAS1 is required for the phosphorylation of P1AS1 
and for the repression of NF-kB- and STAT1 -dependent 
transcriptional responses 63 . Because the activation of 
the IKK complex in response to DNA damage has been 
suggested to involve PIASy" 3 , it is important to establish 
whether PIAS1 SUMO ligase activity is necessary for 
nuclear IKKa activation. 



Concluding remarks 

Orchestration of the inflammatory response is arguably 
the key physiological function of NF-icB. The broad 
role of inflammation in pathological processes only 
serves to further highlight this aspect of the biology of 
NF-kB. For this reason, there is considerable interest in 
the therapeutic inhibition of NF-kB. However, several 
recent reports suggest that severe harmful consequences 
could result from the widespread inhibition of NF-kB, 
including impaired resolution of inflammation [BOX 1 ). 
In this Review, we discuss several new facets of NF-kB 
regulation that may lead to the development of more 
selective approaches for NF-kB inhibition. For exam- 
ple, preservation of IKKa activity may be important 
for terminating pro- inflammatory responses. The 
atypical IkB family members may facilitate the induction 
of antimicrobial responses while also being capable of 
dampening susceptibility to shock. As we have discussed 
for BCL-3, these functions are subject to regulation by 
post-translational modifications that may make them 
amenable to therapeutic intervention. Crosstalk with 
other important cellular pathways, such as p38 or p53, 
can alter the transcription of certain NF-KB-dependent 
genes. Finally, the mechanisms that are responsible for 
the termination of NF-kB activity are also very impor- 
tant for our understanding of the role of NF-kB in 
normal physiology and disease. Research into these 
areas of NF-kB biology will probably continue to 
generate significant new insights into the regulatory 
mechanisms of inflammation in the future. 
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Angiotensin II Stimulates the Release of Interleukin-6 and 
Interleukin-8 From Cultured Human Adipocytes by 
Activation of NF-kB 

Thomas Skurk, Vanessa van Harmelen, Hans Hauner 

Objective — Several proinflainmalory cytokines including IL-6 and IL-8 are produced by human adipocytes, but it is still 
unclear how this process is regulated. Angiotensin (Ang) II, which is also produced by adipocytes, might play a role as 
a regulator. In the present study, we investigated the effect of Ang II on the production of IL-6 and IL-8 in in vitro 
differentiated human adipocytes. 

Methods and Results — Isolation of preadipocytes and differentiation of these cells into adipocytes, Real-time quantitative 
reverse-transcriptase polymerase chain reaction, Westem-blot, enzyme-linked rrrmiunosorbent assay, and electromobil- 
ity shift assay. Ang II-stimulated IL-6 and IL-8 mRNA expression and protein release in a time- and concentration- 
dependent way. This action of Ang II was completely blocked by the NF-«B-blocker Bay 1 17082 and the AT, blocker 
candesartan, but only partially by the AT,-blocker PD 123 319, Incubation of adipocytes with Ang II resulted in an 
increased phosphoiylation of the p65 subunit of NF-*cB and an increased translocation of NF-kB to the nucleus. 

Conclusion — Ang U stimulates IL-6 and IL-8 production and release from human adipocytes by a NF-kB- dependent 
pathway. This proinflammatory action of Ang II seems to be mediated by the AT, and less by the AT 2 receptor subtype. 
{Arterioscler Thromb Vase Biol. 2004;24:1199-1203.) 

Key Words: cytokines ■ adipocytes ■ angiotensin h ATi receptor ■ NF-kB 



Human adipocytes are known to produce a variety of 
proteins, which are released into the circulation. 1 For 
instance, adipocytes secrete proinflammatory cytokines like 
interleukin (IL)-]j3, IL-6, and IL-8. 2 - 5 Recently, plasma 
levels of IL-6 and other cytokines have been shown to be 
correlated with body mass index (BMI) and body fat mass; 6 ' 7 
therefore, it has been suggested that these cytokines may 
represent the state of chronic inflammation observed in 
obesity. It is well-established that the expression and release 
of these cytokines in human adipocytes are subject to a 
complex hormonal regulation. 3 - 5 

Adipocytes are also a major source of products of the 
renin-angiotensin-system (RAS), particularly of its active 
component angiotensin (Ang) 11.* -'° It has recently been 
discovered that Ang II exerts transcriptional activity via an 
Ang Il-responsive element in the IL-6 promoter in rodent 
cardiomyocytes. 11 Moreover, Aug II can activate the proin- 
flammatory transcription factor NF-kB in various cell 
typ es 12-M ^ng J} j las k een shown to cause release of IL-6 
from cultured vascular smooth muscle cells via an NF-kB- 
dependent pathway. ,s As described by Ruiz-Ortega et aL 12 
activation of NF-kB may be attributed to both functional 
receptor subtypes AT 3 and AT 2 . The possible modification of 



the inflammatory process by Ang II may have clinical 
implications. Recent studies have shown a successful treat- 
ment of patients with atherosclerotic complications with 
angiotensin-converting enzyme (ACE) inhibitors and ATj 
receptor antagonists. 16 

The aim of the present study was to examine whether Ang 
II is involved in the release of proinflammatory cytokines in 
human adipocytes, particularly in the release of IL-6 and 
IL-8. hi addition, we were interested to investigate whether a 
possible effect of Ang II on cytokine release is mediated by 
NF-ktB- dependent pathway. Moreover, we used selective 
Ang II receptor blockers to unravel the role of die AT X and 
AT, receptor subtypes in this context. 

Methods 

Subjects 

Adipose tissue for the isolation of pre-adipocytes was obtained from 
healthy and normal-weight women (BMI £26 kg/m 2 , age range 1 8 tD 
50 years) undergoing elective mammary reduction. All subjects were 
whiten and did not have acute infection, malignancies, or any other 
consuming disease. Informed consent was obtained from all subjects. 
The study was approved by the ethical committee of the Hsinricb- 
Heine University in Diisseldorf. 
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Pre-Adipocyte Differentiation 

Adipocyte precursor cells were isolated and differentiated as de- 
scribed previously. 17 To enhance differentiation, the adipogenic 
medium was supplemented with 1 jug/mL troglitazone and 
0.5 mmol/L isobutyl-methylxanthine (IBMX) for the first 3 days. All 
experiments were performed after 16 days in culture when at least 
50% of the cells had developed the adipocyte phenotype. 

Incubation of Adipocytes 

The newly developed fat cells were incubated in the presence and 
absence of the following agents: Ang n (Sigma, Munich, Germany), 
candesartan (ATi receptor blocker; AstraZeneca, Wedel), PD 123 
319 (AT 2 receptor blocker; Sigma, Munich), and Bay 117082 
(NF-kB blocker; Bioinol, Hamburg). The cells were pre-incubated 
for 1 hour with the respective blocker before Aug II was added The 
blockers were not cytotoxic at the concentrations used as tested in an 
MTS test (data not shown). 

RNA Isolation and Quantitative 
Reverse-Transcription Polymerase Chain Reaction 

Total RNA was isolated and reverse-transcribed as described previ- 
ously. 13 The specific tnRNAs were determined by quantitative 
reverse-transcription polymerase chain reaction (RT-PCR) using 
light-cycler technology (Roche Diagnostics).' 8 The primer se- 
quences were as follows: IL-6: (accession: AF372214) 5'-TAG CCG 
CCC CAC ACA GAC AG, and 3'-GGC TGG CAT TTG TGG TTG 
GG product length 407 bp, annealing temperature 57°C, melting 
temperature 84.5°C; EL-S: (accession: AF385628) 5'-AAC TTT 
GTA CCC CAC TTT GCT CT and 3'-AAC GGT TGC CTT TGT 
ATT TAT GGT; product length 479 bp, annealing temperature 65°C, 
melting temperature 85.6°C; Spl: (accession: AF2522S4) 5' -GAG 
AGT GGC TCA CAG CCT GTC and 3'-GTT CAG AGC ATC 
AGA CCC CTC; product length 231 bp, annealing temperature 
57°C, melting temperature 86.0°C. Spl was used as a reference gene. 

Measurement of Proteins 

For quantification of TL-6 and IL-8 protein in the culture medium, a 
commercially available enzyme-linked immunosorbent assay 
(ELISA) was used (HIS technologies, Freiburg, Germany). The 
interassay and intraassay coefficients of variation were SI0% and 
5%, respectively. 

Western Blot Analysis 

li-nmunologicai detection of the phosphorylated form of the p65 
subunit of NF-kB was performed as described before. 19 

Electromobility Shift Assay and Supershift Assay 

Nuclear extracts were prepared by lysing adipocytes in a buffer 
containing 20 mmol/L HEPES, pH 7.9, 10 mmol/L NaCl, 0.2 raoI/L 
EDTA, 2 mmol/L DTT, and Complete (Roche Diagnostics GmbH, 
Mannheim, Germany). The cells were centrifuged and the pellet was 
resuspended in a buffer containing 2 mmol/L HEPES, pH 7.9, 
0.75 mmol/L spermidine, 0.15 mmol/L spermin, 420 mmol/L NaCl, 
0.2 mol/L EDTA, 2 mmol/L DTT, 25% glycerol, and Complete 
(Roche Diagnostics GmbH). Nuclear fragments were incubated for 
30 minutes on ice and centrifuged; after that, the supernatant was 
used for the EMSA or the supershift assay. The NF-kB probe had the 
following consensus sequence: 5' AGT TGA GGG GAC TTT CCC 
AGG C (top strand only). The labeling of the probe and the binding 
reaction were performed using the DIG Gel shift kit (Roche 
Diagnostics GmbH). Samples were separated in a nondenativring 6% 
PAGE gel, and bands were detected using a Lumi-hnager device 
(Roche Diagnostics GmbH). For the supershift assay, antibodies 
specific for the subunits of NF-kB; p70, pS5, and p50, respectively, 
were included in the NF-KB-binding reaction in a dilution of 1:10*. 

Statistical Analysis 

Results are expressed as mean±SD. A paired t test was used for 
statistical comparisons. 




Figure 1. Concentration-dependent (A) and ti ma-dependent (B) 
effects of Ang II on IL-6 protein release into thB culture medium 
from in vitro differentiated human adipocytes. Ang II was added 
on day 1 6 after cells had acquired the adipocyte phenotype for 
the time periods and concentrations indicated. The incubation 
time was 24 hours (A), the Ang II concentration was 10 M (B). 
C Cells were preincubated for 1 hour with or without the block- 
ers indicated, followed by an incubation with Ang II with or with- 
out the blockers for 24 hours. Results represent mean±SD of 4 
independent experiments in duplicate. A, B, *P<0.05 versus 
controls. C, *P<0.05 versus Ang ll-stimulated cells. 

Results 

Effect of Ang II on IL-6 and IL-8 Release From 
Human Adipose Cells 

Incubation, of the cells was performed on day 16 when at least 
50% of the stromal cells had acquired adipocyte morphology. 
Cells were incubated for 24 hours with increasing concentra- 
tions of Ang 11. Under these conditions, there was a 
concentration-dependent increase in IL-6 and IL-8 release 
into the culture medium. The concentrations at which Ang II 
significantly enhanced IL-6 and IL-8 release were 10~ 6 M and 
lfj" 5 M, respectively (Figures 1 A and 2A). At 10 -i M Ang II, 
the release of both IL-6 and IL-8 protein was increased 3- and 
4-fold, respectively. In addition, there was a time-dependent 
increase in IL-6 and IL-8 release on exposure to 10" 5 M Ang 
II. The stimulatory effect was observed after an incubation of 
6 hours and remained stable for the whole incubation period 
(Figures IB and 2B). 

Effect of Ang II on mRNA Levels of IL-6 and IL-8 

To address the question whether the stimulatory effect of Ang 
II is associated with changes at the transcriptional level, we 
measured mRNA levels of IL-6 and IL-8 in the absence and 
presence of Ang II. The peptide induced a time- and 
concentration-dependent increase in IL-6 and IL-8 mRNA 
compared with control cultures. The stimulatory effect was 
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Figure 2. Concentration-dependent (A) and time-dependent (BJ 
effects of Ang Jl on IL-8 protein release into the culture medium 
of in vitro differentiated human adipocytes. See Rgure 1 for 
more information. 

maxima] after 6 hours of incubation (corresponding to a 2- to 
3-fold increase of IL-6 and IL-8, respectively) (/ > <0.05) 
(Table 1). The minimum stimulatory concentration of Ang II 
was 1CT 7 M and the maximum stimulatory concentration was 
10- 5 M (Table 1). 

Effect of Candesartan, PD 123 319, and Bay 
117082 on IL-6 and IL-8 Protein Release 

To investigate whether the AT, and or the AT 2 receptor subtype 
is involved in the effect of Ang II on IL-6 and IL-8 release, 
adipocytes were incubated with 10~ s M Ang II in the absence 
and presence of the specific A^ receptor blocker candesartan or 
the specific AT 2 receptor blocker PD 123 319. Candesartan 
significantly counteracted the Ang IT-stimulated IL-6 and IL-8 
release, although this inhibition was not complete (paired / test 
Ang II versus Ang II plus candesartan, P<0.05) (Figures 1C and 
2C). PD 123 3 1 9 showed a tendency to inhibit Ang II-stimulated 
IL-6 and IL-8 release, but this effect did not reach statistical 
significance (Figures IC and 2C). 

To test whether Aug 11 induced IL-6 and IL-8 production 
via a signaling pathway involving NF-kB, adipocytes were 
incubated with 1CT 5 M Aug II in the absence and presence of 
the specific NF-kB blocker Bay 117082 (10~ 6 M). Bay 
117082 prevented the stimulation of IL-6 and IL-8 release on 
Ang II exposure (paired t test Ang II versus Ang II plus Bay 
117082; P<0.05) (Figures 1C and 2C). 

Effect of Aug II on NF-/cB Activation 
and Translocation 

We next investigated whether Ang II is able to stimulate NF-kB 
phosphorylation in adipocytes by using a Western blot analysis. 



TABLE 1. Effect of Given Concentrations of Ang It on IL-6 



and IL-8 mRNA Levels in In Vitro Differentiated Human 
Adipocytes for the Time Periods Indicated 


Concentration 


Time 


IL-6 


IL-B 


Ang II (M) 


(h) 


mRNA 


mRNA 


0 


24 


100 


100 


10" 9 


24 


108±18 


207±48 


ID -7 


?A 


203±37 


181 ±118 


10- 5 


24 


232 1. 57 


520±153 


0 


D 


100 


100 


10-= 


3 


112±27 


127±25 


ID" 5 


6 


254 ±65 


156±86 


io- J 


12 


147±68 


299±56 


10- 5 


24 


143±25 


188 ±46 



Results are given as mean±SD from 3 to 5 independent experiments. 



Cells were incubated with Ang H (10 -5 M) for 0, 1, 2, 5, 10, 30, 
and 60 minutes, respectively. After an incubation of 5 minutes, 
a significant 2-fbld increase of phosphorylation of the p65 
subunit of NF-kB was found (P<0.05) (Figure 3). 

To confirm the action of Ang II on NF-kB translocation, an 
EMSA was performed on nuclear extracts from cells treated 
with or without 1 0~ 5 mol/L Ang II for 3 hours. It was clearly 
observed that Ang II increases NF-kB translocation to the 
nucleus in adipocytes (Figure 4). Additionally, to confirm 
that the observed bands in the EMSA were specific for 
NF-kB. we performed a supershift assay that included NFkB 
subunit antibodies in the binding reaction of Ang IT-rreated 
nuclear extracts. A clear reduction in the intensity of the 
original NF-kB probe complex was observed with the p50 
and p65 antibody, but not with the p70 antibody (Figure I, 
available online at http://atvb.ahajournaIs.org). Therefore, the 
observed band in the EMSA seemed to be specific for the 
p50/p65 heterodimer. 

Ang II Stimulates NF-kB Translocation via 
AT, Receptors 

To study whether the effect of Ang II on NF-kB is mediated 
via the AT, and/or the AT 2 receptor, the effect of candesartan 
and PD 123 319 on Ang II-stimulated NF-kB translocation 
was investigated. Candesartan abolished Ang II-induced 
NF-kB translocation significantly (Figure 4, i 3 <0.05), 
whereas Bay 117082 showed a tendency to reduce the 
stimulatory effect of Ang II on NF-kB activation. 

The Effect of Repetitive Addition of Ang II on 
IL-6 Release in Adipocytes 

hi most of the experiments, Ang II was used at a supraphysio- 
logical concentration of 10~ s M. The reason for using this 
concentration was mat Ang II is rapidly degraded under culture 
conditions. 20 To show that Ang II also stimulates IL-6 secretion 
at lower concentrations, we performed additional experiments in 
which we added Ang II at a concentration of 10" 9 M every 6 
hours for 24 hours. The stimulation of IL-6 protein release was 
similar as compared with 10" 5 M Ang II administered once 
(Table 2). Moreover, Ang II at I0" 9 M stimulated NF-kB 
translocation to the nucleus in adipocytes (data not shown). 
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Figure 3. A representative Western blot of adipocytes treated 
with 1CT E M Ang II for different time intervals (upper panel). An 
antibody specific for phosphorylated p65 NF-kB was used. 
Blots were subsequently stripped and reprobed with an anti- 
body recognizing both the phosphorylated and the unphosphor- 
ylated form of NF-kB. The columns in the lower panel show 
densltometric scannings and have means±SD of 4 experiments. 
Values are expressed as percent increase compared with con- 
trol; 0=baseline without Ang II incubation, *P<0.05. 

Discussion 

It is well-established that adipocytes release substantial amounts 
of the cytokines IL-6 and IL-8, and it is apparent that this release 
is subject to complex regulation. 4 In the current study, we show 
for the first time to our knowledge that Ang II stimulates gene 
expression and protein release of IL-6 and IL-8 from human 
adipocytes in a time- and concentration-dependent fashion. The 
stimulation of IL-6 release by Aug II has been shown previously 
for other cell types in rodents. 15 - 21 The production of EL-6 by 
adipocytes may be of special importance because up to one-third 
of circulating IL-6 is secreted by adipose tissue. 22 hi addition, the 
circulating levels of IL-8 are positively correlated with BML 
indirectly suggesting that adipose tissue may also release IL-8 
into the blood. 23 

It is known from recent studies that the effect of Ang II on 
inflammation involves an activation of the NF-kB signaling 
pathway. 13 ' 14 ' 34 In the current study, we found that Ang II 
stimulates phosphorylation of the p65 subunit of NF-kB, 
using Western blot analysis. In addition, an EMSA revealed 
that Ang II induces translocation of NF-kB to the nucleus in 
human adipocytes. Further experiments demonstrated that 
blockade of NF-kB by Bay 117082 abolished the Ang 
Il-mediated stimulation of IL-6 and IL-8 release. Taken 
together, these results strongly suggest that Ang II is medi- 
ating its effects on IL-6 and IL-8 via NF-kB activation. 

In adipose tissue, most effects of Ang IE are mediated via 
the ATi receptor, although there is evidence that the AT 2 
receptor subtype is also expressed. 25 The receptor subtypes 
may share common signaling pathways leading to subsequent 
activation of NF-kB. 24 By using candesartan, a specific 
antagonist to the AT, -receptor subtype, we found that the Ang 
Il-mediated effects on NF-kB signaling and subsequent 
cytokine release were nearly completely abolished. When 
studying the effect of the AT 2 receptor antagonist PD 123 319 
in our model, a smalL but not significant inhibition was 




Figure 4. Electromobility shift assay showing Ang ll-induced 
translocation of NF-kB. Cells were treated for 3 hours with 10 
M Ang II after pretreatment with the indicated blockers for 1 
hour. The negative control was a binding reaction without the 
NF-kB probe. Data are presented as percentage of the Ang 
ll-stimulated samples, defined as 100%, of 4 experiments, cand 
indicates candesartan; PD, PD 123 319; unl comp, unlabeled 
competitor, which is the same NF-kB- binding sequence without 
DIQ-labeiing. The effect of the blockers was analyzed using a 
paired f test. *P<0.05 versus Ang IE effect. 

observed. These results indicate that signal transduction via 
the AT! receptor is the predominant pathway for Ang II- 
stimulated NF-kB activation and cytokine release in newly 
differentiated human adipocytes. 

One has to keep in mind that degradation of Ang II 
released by human adipocytes in primary culture occurs 
very rapidly, 20 which makes it difficult to determine the 
true concentrations of Ang II required to stimulate cyto- 
kine production. Because of the high degradation rate of 
Ang II, we decided to use Ang II at a supraphysiological 
concentration of 1CT 5 M in most of our experiments. 
However, when differentiated adipocytes were incubated 
with Ang II at a physiological concentration of 10 -9 M, and 
when the Ang II was added every 6 hours, the stimulation 
of IL-6 protein release was similar as compared with the 
supraphysiological concentration of Ang II (10 -5 M) ad- 
ministered once. Moreover, Ang II at 10"' M stimulated 
translocation of NF-kB in EMSA experiments. These 
results suggest that Ang II exerts its stimulating effects on 
cytokine production at near-physiological concentrations. 



TABLE 2. Effect of Ang El on IL-6 Protein Secretion From In 
Vitro Differentiated Human Adipocytes 





Ang II 


Ang il+ Candesartan 


In vitro differentiated adipocytes, Ang II 


296±76 


90±2 


<1D- 6 M), n=5 






In vitro differentiated adipocytes, Ang II 


226 ±20 


78±7 


<1(r g M, every 6 h), n=3 







Ang II was added either at a concentration of 10~ 5 M or at a concentration 
of 10~ 9 M repetitively every 6 hours. The AT, blocker candesartan was used at 
a concentration of 1 0" 4 M. IL-6 protein was determined In the culture medium 
after 24 hours of incubation using a specific EUSA. Basal (nonstimulated) IL-6 
protein concentration was defined as 100%. Results are given as mean±SD. 
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Obesity is considered as a state of subclinical chronic 
inflammation. This view is based on the finding that 
plasma levels of cytokines are elevated in obesity. This is 
most evident for IL-6, in which a positive association 
between circulating levels and BMI has been reported. 6 - 7 
At present, weight loss by dietary intervention or other 
methods have been found to be associated with decreased 
levels of IL-6 and other cytokines. 26 -" It is rather unclear 
which factors axe responsible for the upregulation of 
proinflammatory proteins in obesity. One possible media- 
tor for this process might be Ang II. Angiotensinogen and 
all components of the renin-angiotensin system are pro- 
duced by adipocytes 8 - 1 n and the expression of angioten- 
sinogen is upregulated in obesity. 2B - 2, > Moreover, studies on 
the long-term use of ACE inhibitors and AT, blockers in 
patients with atherosclerosis and diabetes mellitus have 
suggested that these drugs have antiinflammatory proper- 
ties. 31 '- 31 Therefore, in view of our and former results, a role 
of Ang II in the pathophysiology of the proinflammatory 
state is rather likely. 

In conclusion, the results of this experimental study indi- 
cate that Ang II stimulates production and release of IL-6 and 
IL-S in in vitro differentiated human adipocytes. This stimu- 
latory action seems to be mediated via the AT, receptor and 
a NF-«B-dependeiit signaling pathway. 
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In the present study we examined the effects of 
angiotensin II (Ang II) type 2 (ATJ receptor stimu- 
lation on AT-, receptor-mediated monocyte che- 
moattractant protein-1 (MCP-1) expression and the 
possFble mechanisms of AT 2 receptor-mediated 
signaling in cultured rat fetal vascular smooth 
muscle cells, which express both AT., and AT 2 re- 
ceptors. Ang II stimulation induced MCP-1 mRNA 
expression as well as an increase in nuclear 
factor-»cB (NF-kB) binding to the corresponding cis 
DNA element of the MCP-1 promoter region and a 
decrease in the cytosolic inhibitory protein-KB 
(IkB) protein level via AT 1 receptor stimulation, 
whereas stimulation of the AT 2 receptor decreased 
Ang ll-induced MCP-1 expression, NF-kB DNA 
binding, and IkB degradation, suggesting that ac- 
tivation of the AT 2 receptor attenuated AT., recep- 
tor-mediated MCP-1 expression via a decrease in 
NF-kB DNA binding and an increase in IkB stability, 
Moreover, we demonstrated that AT,, receptor 



stimulation attenuated TN Fa-mediated NF-kB ac- 
tivation and MCP-1 expression. A tyrosine phos- 
phatase inhibitor, orthovanadate, attenuated the 
AT 2 receptor-mediated increase in IkB protein. 
Moreover, we observed that two IkB subunits 
(IkB« and IkBB) were tyrosine-phosphorylated af- 
ter Ang II stimulation. Transfection of a dominant- 
negative Src homology protein tyrosine phospha- 
tase-1 mutant into vascular smooth muscle cells 
inhibited the AT 2 receptor- mediated increase in 
IkB, leading to a significant increase in AT 1 recep- 
tor-induced NF-kB activation and MCP-1 expres- 
sion. Taken together, our results demonstrated 
that AT Z receptor stimulation attenuated MCP-1 
expression via IkB stabilization, and Src homology 
protein tyrosine phosphatase-1 might play a criti- 
cal role in the transcriptional regulation of MCP-1 
expression through the control of IkB protein 
stability. {Molecular Endocrinology 18: 666-678, 
2004) 



ANGIOTENSIN (ANG) II is a potent mediator of 
oxidative stress and stimulates the release of cy- 
tokines and the expression of leukocyte adhesion mol- 
ecules that mediate vessel wall inflammation. Ang II 
also acts as a direct growth factor for vascular smooth 
muscle cells (VSMC) and can stimulate the local pro- 
duction of metalloproteinases and plasminogen acti- 



Abbreviations: Ang II, Angiotensin II; AT 2 , angiotensin II 
type 2; dn, dominant negative; DTT, dithiothreitol; EMSA, 
electrophoretic mobiJity shift assay; IkB, inhibitory protein- 
KB; IKK, inhibitory protein-KB kinase; MCP-1 , monocyte che- 
moattractant protein-1; MEK, MAPK kinase; NF-kB, nuclear 
faetor-KB; NO, nitric oxide; PMSF, phenylmethylsulfonyfluo- 
tide; SHP-1, Src homology protein tyrosine phosphatasa-1; 
n-SM, a-smooth muscls; VSMC, vascular smooth muscle 
cell. 

Molecular Endocrinology is published monthfy by The 
Endocrine Society (http://www.endo-society.org), the 
foremost professional society serving the endocrine 
community. 



vator inhibitor. Most of the known physiological ac- 
tions of Ang II are thought to be mediated via the Ang 
II type 1 (AT,) receptor, but still less is known about the 
function of the Ang II type 2 (AT 2 ) receptor. Interest-, 
ingly, the AT 2 receptor is up-regulated in certain 
pathological conditions, such as inflammation and 
vascular injury, suggesting that the AT Z receptor plays 
an important roie in vascular remodeling (1). It has 
been demonstrated that Ang II is a potent stimulator of 
monocyte chemoattractant protein-1 (MCP-1) expres- 
sion in many cell types, including VSMC In vivo and in 
vitro, and that AT, receptor stimulation increases in- 
flammation and stimulates atheroscierosis by stimu- 
lating MCP-1 expression (2, 3}. We have recently dem- 
onstrated in vivo that MCP-1 expression in the injured 
artery was exaggerated in AT 2 receptor-nuil mice, sug- 
gesting that AT 2 receptor stimulation might inhibit 
MCP-1 expression (4). However, the molecular and 
cellular mechanisms of the regulation of MCP-1 ex- 
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pression by the AT 2 receptor are an enigma and need 
to be addressed. 

Like many other proinflammatory genes, activation 
of the MCP-1 gene is controlled by the transcription 
factor, nuclear factor-tcB (NF-kB). NF-kB is present in 
the cytosol of unstimulated cells in an inactive form 
bound to the inhibitory protein-xB (IkB) (5). The ankyrin 
repeat domains of IkB proteins prevent nuclear trans- 
location of NF-kB by masking the nuclear localization 
sequences of NF-kB. In response to inflammatory 
stimuli, IkB was phosphorylated and targeted for ubiq- 
uitination and degradation. Dissociation and degrada- 
tion of IkB result in activation of NF-kB, which may be 
defined as translocation of the NF-kB complex from 
the cytoplasm to the nucleus. After translocation to the 
nucleus, NF-kB binds specific promoter elements of 
DJMA and induces transcription of relevant genes, such 
as MCP-1. 

The AT 2 receptor subtype is a member of the G 
protein-coupled receptor superfamily with relatively 
low sequence homology with the AT, receptor sub- 
type. Accumulating evidence has revealed opposite 
intracellular effects of the AT, and AT 2 receptors, par- 
ticularly on the regulation of protein kinases and phos- 
phatases (6, 7). It is postulated that the final response 
to Ang li stimulation in calls coexpressing AT, and AT 2 
receptors is dependent on the relative expression lev- 
els of these two receptors. The growth inhibitory ef- 
fects of the AT 2 receptor have been shown to be 
associated with the activation and/or induction of a 
series of phosphatases (1), including the protein ty- 
rosine phosphatase Src homology protein tyrosine 
phosphatase-1 (SHP-1) (8), MAPK phosphatase-1 (9), 
and serine/threonine phosphatase 2A (10), which re- 
suits in the inactivation of AT-, receptor- and/or growth 
factor-activated ERK. Therefore, we postulated that 
the AT Z receptor-activated specific phosphatase® 
antagonizes the signaling pathway involved in AT, 
receptor-mediated MCP-1 production. To explore the 
roles of signaling cross-talk of the AT, and AT 2 recep- 
tors in the regulation of MCP-1 expression, we fo- 
cused on NF-kB/IkB in fetal VSMC, which endog- 
enously express both AT, and AT 2 receptors. 



RESULTS 

Inhibition of MCP-1 Expression by AT 2 
Receptor Stimulation 

To examine the role of the endogenous AT 2 receptor in 
MCP-1 expression, we employed fetal VSMC pre- 
pared from the rat aorta on embryonic d 20, which 
express both AT, and AT 3 receptors. Receptor binding 
assay revealed that fetal VSMC expressed both AT, 
and AT 2 receptors (AT., receptor, 1 1 .30 ± 0.35 fmol/ 
1 0 6 cells; AT 2 receptor, 6.33 ± 1 .01 fmol/1 0 e cells; n = 
6; mean ± se) as previously described (11). We did not 
observe any apparent changes in Ang II receptor sub- 
type binding in the following experimental conditions. 



Ang II increased MCP-1 mRNA expression assessed 
by Northern blot. Ang li-mediated MCP-1 expression 
peaked at 4 h and declined gradually thereafter (Fig. 
1A). Stimuiation with Ang II in the presence of an AT 2 
receptor-specific antagonist, PD123319, further in- 
creased MCP-1 expression, whereas addition of an 
AT-f receptor blocker, valsartan, decreased Ang II- 
mediated MCP-1 expression (Fig. 1B). We did not 
observe any significant difference in MCP-1 expres- 
sion between control VSMC and VSMC treated with 
Ang II and valsartan. Neither valsartan nor PD123319 
alone influenced MCP-1 expression. These results 
suggest that AT 2 receptor stimulation antagonized AT-, 
receptor-mediated MCP-1 mRNA expression. To fur- 
ther clarify the possibility that AT 2 receptor stimulation 
inhibits MCP-1 expression, we examined the effect 
of CGP42112A, an AT 2 receptor agonist, on TN Fa- 
induced MCP-1 expression, as it has been reported 
that TNFa stimulation enhances MCP-1 expression via 
enhancement of NF-kB binding and inhibition of IkB 
protein degradation in VSMC (12-14). We observed 
that CGP42112A decreased TNFcc-induced MCP-1 
expression (Fig. 1B). 

Regulation of Nuclear NF-kB Binding and 
Degradation of Cytosolic IkB via Cross-Talk of 
AT, and AT 2 Receptors 

To examine Ang ll receptor subtype-regulated NF-kB 
binding, we performed electrophoretlc mobility shift 
assay (EMSA) using nuclear extracts prepared from 
fetal VSMC stimulated with Ang II for 30, 60, 90, and 
120 min and a 3a P-labelad NF- K B-binding oligonucle- 
otide probe and observed a time-dependent increase 
in the complex formation (Fig. 2A) that reached a peak 
after 90 min of Ang II stimulation. As shown in Fig. 2B, 
addition of a 50-fold excess of unlabeled NF-KB-bind- 
ing oligonucleotide as a competitor abolished Ang 
ll-induced NF-kB binding, but the addition of a mutant 
NF-KB-binding oligonucleotide did not influence this 
binding. Incubation of nuclear extract with anti-NF-KB 
antibodies decreased this binding. Stimulation with 
Ang II in the presence of PD123319 further increased 
NF-kB binding, whereas addition of valsartan de- 
creased Ang ll-induced MCP-1 expression (Fig. 2C). 
These results suggest that AT 2 receptor stimulation 
attenuated the AT, receptor-mediated increase in 
NF-kB binding. We also examined the effect of 
CGP42112A, an AT 2 receptor agonist, on TN Fa- 
induced NF-kB binding and observed that CGP42112A 
effectively inhibited TNFa-induced NF-kB binding 
(Fig. 2C). 

NF-kB activation is regulated by IkB proteins; that 
is, the dissociation and consequent degradation of 
IkB result in an increase in NF-kB nuclear translo- 
cation and its binding to the corresponding els DNA 
element of the MCP-1 promoter region. Therefore, 
we first examined the protein levels of cytosolic IkB 
after stimulation with Ang El (Fig. 3). Cytosolic ex- 
tracts were isolated from VSMC, and the levels of 
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Fig. 1. Expression of MCP-1 mRNA Induced by Ang II in Fetal Rat VSMC 

Fetal rat VSMC were cultured as described in Materials and Methods. Subconfluent cells were incubated in serum-free DMEM 
for 24 h before the experiment. MCP-1 mRNA was determined by Northern blot. RNA (25 /xg/lane) was separated by electro- 
phoresis, and hybridized with a probe for MCP-1 . Giyceraldehyde-3-phosphate dehydrogenase mRNA was used as an internal 
control. A, Time course of MCP-1 mRNA expression in response to Ang II stimulation. B, Effect of Ang II receptor blockers or 
CGP421 12A on MCP-1 mRNA expression. Total RNA was prepared after 4 h of treatment with Ang II, with or without valsartan 
or PD12331S, or after 4 h of treatment with TNF«*, with or without CGP42112A. Values are the mean A se of densitometry 
measurements (n = 8). Similar results were obtained in eight different culture lines. Ang II, 10 -7 m Ang II; Val, 10~ s m valsartan; 
PD, 1D _S m PD123319; TNF-ct, 2 ng/mi TNFa; CQP, 10~ 7 m CGP42112A. *, P < 0.05 vs. control. 
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Fig. 2. DNA-Binding Activity cf NF-kB Induced by Ang II 

The DNA binding activity of NF-kB was assayed by EMSA with 32 P-labeled NF-icB-binding oligonucleotide with nuclear extracts 
(10 fig) prepared from fetal VSMC as described in Materials and Methods. A, Time course of DNA binding activity of NF-kB 
induced by Ang II. B, DNA binding activity of NF-kB induced by Ang II with unlabeled NF-kB, mutant NF-kB, or anti-p50 or 
anti-p65 antibodies. C, Effect cf valsartan, PD1 2331 9, or CGP421 12A on DNA binding activation of NF-kB induced by Ang I! or 
TNFot after 90-min incubation with blockers. Ang II, 10~ 7 M Ang li; Val, TO" 6 m valsartan; PD, lO" 8 m PD123319; TNF-ct, 2 ng/ml 
TNFa; CGP, 10 _T M CGP42112A. Similar results were obtained in seven different culture lines. 



kBa and IkB/3 were determined by Western blot. 
Upon Ang It stimulation, cytosolic IkBoc and IkBj3 
levels were decreased, reaching a nadir after 60 min 
of Ang (l stimulation. Simultaneous addition of val- 
sartan attenuated the Ang ll-mediated decrease in 
cytosolic IkBq; and IkB|3 levels, whereas addition of 



PD123319 exaggerated the decrease in IkB in the 
cytosoi, suggesting that AT 2 receptor stimulation 
attenuated the AT-, receptor- mediated decrease in 
cytosolic IkB. TNFci decreased cytosolic IkBo: and 
Ij<Bj3 levels and CGP42112A attenuated this effect 
of TNFa (Fig. 3B). 
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Fig. 3. Regulation of Cytosolic IkB by Ang II in Fetal Rat VSMC 

Fetal rat VSMC were cultured as described in Fig. 1 . Cytosolic IkB was determined by Western blot using «-SM actin as an 
internal control. A, Time course of levels of IkBot (upperpanet) and !kB(3 (lowerpanef) after 6D-min stimulation with Ang II. B, Effect 
of valsartan, PD123319, or CGP42112A on IkBq {upper pane!) and IkBj3 level (lowerpanef, after 60-min stimulation with Ang II or 
TNFa. Values are the mean ± se of densitometric measurements (n - 8). Ang II, 10~ 7 m Ang II; Vat, 10" m valsartan; PD, 10 
M PD123319; TNF-a, 2 ng/ml TNFa; CGP, 10~ 7 H CGP42112A. *, P < 0.05 vs. control; §, P < 0.05 vs. Ang II. 



Roles of AT Z Receptor-Mediated Activation of 
Phosphatases in Inhibition of IkB Protein Levels 
and Attenuation of MCP-1 Expression 

To examine the possibility that tyrosine and/or serine/ 
threonine phosphatases are involved in AT 2 receptor- 
mediated inhibition of MCP-1 expression in fetai 
VSMC, VSMC were treated with orthovanadate or 
okadaic acid for 1 6 h before Ang II addition. As shown 
in Fig. 4, pretreatment with orthovanadate or okadaic 
acid further enhanced the Ang li-tnduced increase in 
MCP-1 mRNA expression, and these effects were 
comparable with the effect of AT 2 receptor blockade 
by PD123319. Pretreatment with orthovanadate or 
okadaic acid also attenuated the inhibitory effect of 
AT 2 receptor stimulation by CGP42112A on TNFa- 
induced MCP-1 expression (Fig. 4). Neither orthovana- 
date nor okadaic acid affected basai MCP-1 expres- 
sion. Next, we examined the effects of these 
phosphatase inhibitors on Ang ll-regulated NF-kB nu- 
clear translocation (Fig. 5). Consistent with the results 
obtained by EMSA (Fig. 2), nuclear translocation of 
NF-kB protein subunits p65 and p50 was enhanced by 



specific AT., receptor stimulation (Ang II plus 
PD123319), and Ang ll-induced nuclear translocation 
of NF-kB was inhibited by selective AT 2 receptor stim- 
ulation (Ang II plus valsartan; Fig. 5). Moreover, we 
observed that both tyrosine and serine/threonine 
phosphatase inhibitors further increased the Ang ll- 
induced enhancement of NF-kB protein levels in the 
nucleus. Addition of these phosphatase inhibitors also 
enhanced the Ang ll-mediated decrease in levels of 
cytosolic IkBce and IkBj3 (Fig. 6). The inhibitory effects 
of CGP421 12A on TNFa-mediated nuclear transloca- 
tion of NF-kB and the decrease in levels of cytosolic 
IkB were inhibited by orthovanadate or okadaic acid 
(Figs. 5 and 6). 

Role of SHP-1 in AT 2 Receptor- Mediated 
Inhibition of MCP-1 Expression 

The SH2 domain-containing cytosolic tyrosine phos- 
phatase, SHP-1 , has been implicated in the negative 
regulation of a broad spectrum of growth-promoting 
receptors. Moreover, we previously demonstrated that 
AT 2 receptor-mediated activation of SHP-1 was rapid, 
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Fig. 4. Effects of Sodium Orthovanadate and Okadaic Acid on MCP-1 Expression Induced by Ang fl in Fetal Rat VSMC 

Fetal rat VSMC were cultured as described in Fig. 1 . Subconfluent cells were incubated with sodium orthovanadate or okadaic 
acid for 16 h, then stimulated with Ang II orTNFct for 4 h. MCP-1 expression was determined by Northern blot as described in 
Fig, 1. Values are the mean ± se of densitometric measurements (n = 7). Ang II, 10 -7 m Ang II; Val, 10 _s m valsartan; PD, 10_ -5 
M PD123319; Vanadate, 10 -5 M sodium orthovanadate; Okadaic acid, 10~ s M okadaic acid; TIMF-™, 2 ng/ml TNFct; CGP, 10 - ' M 
CGP42112A. \ P < 0.05 vs. control. 



peaking at 2-3 min, and returned to the basal level at 
10-15 min, suggesting that SHP-1 is one of the most 
proximal effectors in AT 2 receptor-mediated apoptosis 
(8, 11, 15). First, we examined the possibility that AT 2 
receptor stimulation may dephosphoryiate IkB and 
consequently may stabilize IkB. VSMC were treated 
with Ang II and immunoprecipitated with anti-kB 
antibodies, and tyrosine phosphorylation of kB was 
examined by immunoblotting analysis with an an- 
tiphosphotyrosine antibody, 4G10 (Fig. 7). Tyrosine 
phosphorylation of kBa and IkBj3 was enhanced by 
Ang IJ and peaked after 10 min of Ang II stimulation 
(Fig. 7A). Simultaneous addition of valsartan attenu- 
ated the Ang ll-mediated increase in phosphorylation 
of IkBo and kB/3, whereas addition of PD12331 9 ex- 
aggerated the Ang ll-induced tyrosine phosphoryla- 
tion of kB, suggesting that AT 2 receptor stimulation 
attenuated the AT, receptor- mediated tyrosine phos- 
phorylation of IkB (Fig. 7B). We also examined the 
effect of CGP421 1 2A on TN Fa-induced IkB phosphor- 
ylation and observed that CGP42112A effectively in- 
hibited TNFa-induced phosphorylation of kBa and 
IkBj3 (Fig. 7B). To investigate whether SHP-1 plays a 
role in AT 2 receptor-mediated inhibition of kBa and 
kBj3 degradation, NF-kB DNA binding activity, and 
MCP-1 expression, we transfected rat fetal VSMC with 
a dominant-negative (dn) SHP-1 mutant in which the 
active cysteine 453 was mutated to serine (C453/S) 
(16). Transfection of the dnSHP-1 mutant was con- 
firmed by immunoblotting, showing a 6-fold increase 
in SHP-1 immunoreactivity compared with the control 
vector pcDNA3-transfected VSMC and the decrease 



in SHP-1 activity (Fig. 8A). We first examined the func- 
tional significance of SHP-1 activation in the AT 2 
receptor-mediated inhibition of \kBcx and kB/3. Basal 
levels of kBa and kB/3 were not changed in either 
pcDNA3-transfected or dnSHP-1 -transfected VSMC. 
The Ang ll-mediated decrease in kBa and IkBj3 pro- 
tein levels was more marked in dnSHP-1-transfected 
VSMC than in pcDNA3-transfected VSMC (Fig. 8B). 
The Ang il-induced decrease in IkBo. and kB0was not 
significantly influenced by PD123319 in dnSHP-1- 
transfected VSMC (Fig. 8B). Next we compared the 
effects of Ang M treatment on NF-kB binding activity 
determined by EMSAand MCP-1 mRNA expression in 
pcDNA3- or dnSHP-1 -transfected fetal rat VSMC. In 
dnSHP-1 -transfected VSMC, the Ang ll-mediated in- 
creases in NF-kB binding activity and MCP-1 expres- 
sion were further exaggerated compared with those in 
pcDNA3-transfected VSMC (Fig. 8, C and D). We also 
compared the effect of CGP42112A on the TNF_- 
induced decrease in kBa and kB|3, NF-kB binding 
activity, and MCP-1 expression in both cells and found 
that the effect of CGP42112A was attenuated in 
dnSHP-1 -transfected VSMC (Fig. 8, B-D). 



DISCUSSION 

Ang II activates an NADH/NADPH oxidase that results 
in the production of the superoxide anion and, subse- 
quently, hydrogen peroxide (1 7). The superoxide anion 
may function as a signaling molecule, mediating in- 
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Fig. 5. Effects of Sodium Orthovanadate and Okadaic Acid on Nuclear NF-kB Induced by Ang II in Fetal Rat VSMC 

Fetal rat VSMC were cultured as described in Fig. 1 . Subconfluent cells were incubated with sodium orthovanadate or okadaic 
acid for 16 h, then stimulated with Ang II or TNFa for 90 mln. NF-kB expression was determined by Western blot using nuclear 
extract. A, Western blot and densitometric measurements of p50 and p65 subunits of NF-kB. Values are the mean ± se of 
densitometry measurements (n = 3). B, Western blot and densitometric measurements of p50 and p65 subunits of NF-kB after 
treatment with TNFo;, with or without CGP42112A and phosphatase inhibitors. Values are the mean ± se of densitometric 
measurements (n = 4). Ang II, 1Q- 7 M Ang II; Val, 10" s M valsartan; PD, 10~ 5 m PD123319; Vanadate, 10 5 u sodium 
orthovanadate; Okadaic acid, 10~ s m okadaic acid; TNF-ct, 2 ng/ml TNFa; CGP, 10~ 7 m CGP42112A. *, P < 0.05 vs. control; §, 
P < 0.05 vs. Ang II. 



creased activity of NF-kB, which coordinates the up- 
regulation of proinflammatory genes (18). This proin- 
flammatory action of Ang II on the vessel wall interacts 
synergistically with those of other cardiovascular risk 
factors, such as dyslipidemia and diabetes. One of the 
major Ang ll-mediated activated proinflammatory 
genes in monocytes and VSMC is MCP-1, which is 
inhibited by coadministration of an intracellular anti- 
oxidant (19). These Ang li-induced proinflammatory 
actions in the vessel wali are mediated via AT-, recep- 
tor stimulation. Despite increasing evidence suggest- 
ing possible important functions of the AT 2 receptor in 
vascular remodeling, the specific effect of the AT 2 
receptor on vascular inflammation is a total enigma. 
Consistent with our recent in vivo study demonstrating 
that MCP-1 expression in the injured artery was exag- 
gerated in AT 2 receptor-nulS mice (4), we observed in 
this study that AT 2 receptor stimulation antagonized 
AT-, receptor-mediated activation of NF-kB, thereby 
inhibiting MCP-1 expression in cultured fetal VSMC. 
Moreover, the AT 2 receptor is highly expressed in cer- 



tain pathological conditions, such as inflammation and 
vascular injury (1), and we demonstrated that AT 2 
receptor stimulation significantly inhibited TNFet- 
induced phosphorylation and degradation of IkB, nu- 
clear translocation of NF-kB, NF-kB binding, and 
MCP-1 expression, suggesting that these inhibitory 
effects of AT 2 receptor stimulation would contribute to 
its antiinflammatory actions against other proinflam- 
matory factors as well as AT-, receptor stimulation. In 
contrast, Ruiz-Ortega et al. (12) demonstrated that 
Ang II activates NF-kB via both AT, and AT 2 receptors 
in adult rat VSMC, and Wolf et al. (20) reported that 
AT 2 receptor stimulation could induce NF-kB activa- 
tion in AT 2 receptor-expressed COS-7 cells, glomer- 
ular endothelial cells, and PC12 cells. These apparent 
discrepancies could occur because the signaling of 
these cells may be different from that of the embryonic 
rat VSMC used in the present study, as the cells used 
in previous studies were transfected and overex- 
pressed with AT-, and AT a receptors, whereas embry- 
onic VSMC in our study have endogenous AT, and 
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Fig. 6. Effects of Vanadate and Okadaic Acid on IkB Degradation Induced by Ang II in Fetal Rat VSMC 

Fetal rat VSMC were cultured, and cytosolic IrcBs and «-SM actin were measured as described in Fig. 3. A, Western blot and 
densitometric measurements of IkBq; [upperpanef) and t«B£ [lowerpanef). Values are the mean ± se of densitometric measure- 
ments (n = 4). B, Western blot and densitometric measurements of IkBd: (upperpanefj and IkB/3 (lowerpanef) after treatment with 
TNFa> with or without CGP421 12A and phosphatase inhibitors. Values are the mean ± se of densitometric measurements (n = 
4). Ang II, 10~ 7 m Ang II; Val, 10 _s m valsartan; PD, 10~ B m PD123319; Vanadate, 10 -s M sodium orthovanadate; Okadaic acid, 
1CT 5 M okadaic acid; TNF-a, 2 ng/ml TNFa; CGP, 10~ 7 m CGP42112A. *, P < 0.05 vs. control; §, P < 0.05 vs. Ang II. 



AT 2 receptors, and/or could be due to different exper- 
imental conditions, such as the concentration of Ang II 
or the schedule of the reaction. 

NF-kB is a critical transcription factor for Ang II- 
induced MCP-1 gene expression (2, 3, 21), NF-kB is a 
heterodimer of p50 and p65 subunits present in an 
inactive form in the cytoplasm complexed with its 
inhibitor, IkB. NF-kB activation consists of the disso- 
ciation of IkB and nuclear translocation. In this study 
we observed that Ang ]l increased nuciear transloca- 
tion of NF-kB and increased NF-kB DNA binding with 
a decrease in cytosolic kBa and kB/3 levels in fetal 
VSMC, and PD123319 exaggerated these effects of 
Ang II, suggesting that AT 2 receptor stimulation atten- 
uated AX, receptor-mediated NF-kB activation by de- 
creasing IkB levels. Phosphorylation of kBa: and kBj3 
dissociates these proteins from NF-kB and deter- 
mines their fate through degradation. We observed 
that the addition of orthovanadate and okadaic acid 
further exaggerated not only the Ang ll-mediated in- 
crease in MCP-1 expression and NF-kB binding, but 
also the Ang ll-mediated decrease in cytosoiic IkB 
levels to a similar extent when PD1 2331 9 was added. 



Furthermore, we found that CGP42112A-mediated in- 
hibitory effects on TNFce-induced degradation of IkB, 
nuclear translocation of NF-kB, and MCP-1 expres- 
sion were attenuated by the addition of orthovanadate 
or okadaic acid. These results implied that the inhibi- 
tory effect of AT 2 receptor stimulation on AX, receptor- 
orTNFa-mediated NF-kB/MCP-1 activation is at least 
partly due to the phosphatases. 

Our results suggest that both tyrosine phosphatase 
and serine/threonine phosphatase are involved in the 
AX, receptor-mediated inhibition of kBct and kB/3 
degradation. Consistent with our observation, specific 
serine phosphorylation sites of kB mediated by IkB 
kinases (lKKs) and other kinases have been located at 
two serine residues within their amino-terminal regu- 
latory domains (S32 and S36 in kBa, and S1 9 and S23 
in kBjS) (22). It has also been reported that phosphor- 
ylation at the serine of kBce and kBj3 by serine/thre- 
onine kinase triggers polyubiquitination of the kB pro- 
teins (23) and, as with other proteins (24), targets them 
for rapid degradation by the 26S proteasome. Degra- 
dation of kBa is also mediated by phosphorylation of 
IkBq: at tyrosine residue 42 or by mechanisms involv- 
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Fig. 7. Effect of Ang II on Phosphorylation of IkB in Fetal Rat VSMC 

Fetal rat VSMC were cultured and stimulated with Ang II as described in Fig. 1. Cell lysates were immunoprecipitated with 
anti-ljcBa or anti-US/? antibody. Using precipitation, immunoblotting was performed with antiphosphotyrosine antibody 4G10. A, 
Time course of tyrosine phosphorylation of IxBa and kBjS. B, Effects of valsartan, PD123319, and CGP42112A on tyrosine 
phosphorylation of IkBo and ireBjS. Values are the mean ± se of densitometric measurements (n = 7). Ang 11,10 7 M Ang II; Val, 
10~ s m valsartan; PD, 1Q- S M PD123319; Vanadate, 10~ 5 M sodium orthovanadate; Okadaic acid, 10 5 M okadaic acid; TNF-«, 
2 ng/ml TMFa; CGP, 10~ 7 M CGP42112A. *, P < 0.05 vs. control; §, P < 0.05 vs. Ang II. 



ing unidentified protein tyrosine phosphatases (12, 
25). It has also been reported that AT, receptor- 
mediated MCP-1 expression was decreased by a ty- 
rosine kinase inhibitor and a MAPK inhibitor (2). Imbert 
et a!. (25) reported that stimulation of Jurkat T cells 
with a protein tyrosine phosphatase inhibitor and the T 
cell activator, pervanadate, led to NF-kB activation 
through tyrosine phosphorylation, but not degradation 
of IkB«, and that pervanadate-induced IkBq; phos- 
phorylation and NF-kB activation required expression 
of the T cell tyrosine kinase, p56 ,ck . In addition, inhi- 
bition of protein tyrosine phosphatase activities by 
pervanadate or various vanadate-based compounds 
has been reported to specifically increase the activa- 
tion of NF-r<B and downstream responsive genes (26). 
In this study we showed that both \kB<x and IkB/3 were 



tyrosine-phosphorylated by Ang II stimulation, and this 
Ang ll-induced tyrosine phosphorylation of IkBo: and 
ItcBp was specifically inhibited by an AT t receptor 
blocker, but was enhanced by an AT 2 receptor 
blocker, supporting the idea that AT-, receptor stimu- 
lation tyrosine-phosphorylates both IkBq and !kBj3, 
whereas AT 2 receptor stimulation antagonizes this ef- 
fect of AT., receptor stimulation. Moreover, our results 
suggest that tyrosine phosphorylation of IkBc* and 
IkBj3 is closely associated with degradation of IkBce 
and IkBjS, and the consequent increase in nuclear 
translocation of NF-kB is associated with the en- 
hancement of MCP-1 expression in VSMC. 

To examine whether the AT 2 receptor-mediated de- 
phosphorylation of the tyrosine residue is actually in- 
volved in Ang ll-regulated MCP-expression in VSMC, 
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Fig. 8. Effects of dnSHP-1 Transfection on IkB Degradation, NF-kB DNA-Binding Activity, and MCP-1 Expression Induced by 
Ang II In Fetal Rat VSMC 

Subconfluent rat fetal VSMC were transfected with dnSHP-1 (C453/S) or control vector pcDNA3 as described in Materials and 
Methods. A, Serum-starved cells were stimulated with Ang !l for 3 min at 37 C, and cell lysates were assayed for SHP-1 activity. 
Immunoblot analysis of SHP-1 expression {upper pane!) and effect of the transfection of dnSHP-1 on AT 2 receptor-activated 
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we focused on SHP-1 , a soluble tyrosine phosphatase 
that participates in negative regulation of the receptor 
tyrosine kinase pathway (27). However, the role of 
SHP-1 in regulating proinflammatory signaling is in- 
completely understood. Previously, we demonstrated 
that SHP-1 is pivotal in the antigrowth effect of the AT 2 
receptor (8, 11, 15). Moreover, involvement of SHP-1 
in AT S receptor signaling has been suggested (28). To 
establish the functional link between AT 2 receptor- 
mediated activation of SHP-1 and inhibition of the 
degradation of IkB, consequent inhibition of NF-kB 
binding, and suppression of MCP-1 expression, we 
employed dnSHP-1 . We demonstrated that preventing 
SHP-1 activation abrogated AT 2 receptor-induced 
protection of IkB degradation in fetal VSMC, with a 
decrease in NF-kB binding and MCP-1 expression 
against AT., receptor stimulation or TNFa stimulation. 
Consistent with these results, Massa et al. (29) re- 
ported increased sensitivity of astrocytes lacking 
SHP-1 to various inducers of NF-kB. These studies 
suggest an additional role of SHP-1 in controlling spe- 
cific and nonspecific immune responses where induc- 
tion of NF-kB is involved. 

It seems possible that SHP-1 could directly dephos- 
phorylate the tyrosine residues of IkB; however, this 
possibility requires more extensive examination. On 
the other hand, there is evidence suggesting that IKKs 
are themselves phosphorylated and activated by the 
MAPK cascade (30). Hoshi etal. (31) also reported that 
PD98059, a MAPK kinase (MEK) inhibitor, suppressed 
NF-kB transcriptional activity. MEK kinase-1 has been 
shown to be copurified with IKK activity (30), and MEK 
kinase-1 enhances the ability of IKKs to phosphorylate 
IkB and activate NF-kB (32). It is possible that iKKs 
may be regulated at several levels by SHP-1, as our 
previous results suggested that SHP-1 is involved in 
AT 2 receptor- mediated inactivation of ERK (8, 11). 
Moreover, Shibasaki et al. (28) reported that the AT 2 
receptor inhibits epidermal growth factor receptor 
frans-activation by increasing the association with 
SHP-1 tyrosine phosphatase and decreases ERK ac- 
tivity. In addition to SHP-1, AT 2 receptor-mediated 
inhibition of ERK might be dependent on other phos- 
phatases, such as MAPK phosphatase-1 and serine/ 
threonine phosphatase 2A, which results in the inac- 
tivation of AT.,- and/or growth factor-activated ERK 
(1). Consistent with these observations, we demon- 
strated in this study that inhibition of serine/threonine 
phosphatases as well as tyrosine phosphatases effec- 
tively abrogated the inhibitory effect of the AT 2 recep- 



tor on i«B phosphorylation, suggesting that the AT a 
receptor-mediated inhibitory pathway of ERK is also 
involved in this receptor-mediated inhibition of NF-kB 
activation. 

Ozes ef al. (33) reported that the Akt serine-threo- 
nine kinase is involved in the activation of NF-kB by 
TNFa by activating NF-KB-inducing kinase, and that 
Akt mediates IKKa phosphorylation at threonine 23. 
These findings indicate that Akt is part of a signaling 
pathway that is necessary for inducing key immune 
and inflammatory responses. Moreover, Madrid ef al. 
(34) demonstrated that activated phosphoinositide 
3-kinase or Akt stimulates NF-KB-dependent tran- 
scription by stimulating frans-activation domain 1 of 
the p65 subunit rather than by inducing NF-kB nuclear 
translocation via IkB degradation. It has also been 
reported that upon platelet-derived growth factor 
stimulation, Akt transiently associates in vivo with IKK 
and induces IKK activation (35). Very recently, we 
demonstrated that AT 2 receptor-mediated activation 
of SHP-1 and the consequent inhibition of IRS-2- 
associated Pl-3-K activity contribute at least partly to 
the inhibition of Akt phosphorylation in PC12W ceils 
(1 5). These results suggest that AT 2 receptor-activated 
Akt could be involved in the protective effect of the AT a 
receptor on IkB degradation and the inhibition of 
NF-kB activation and MCP-1 expression. 

Impairment of the capacity of a vessel to dilate in the 
presence of endothelial dysfunction reflects, at least in 
part, increased oxidative stress due to enhanced ca- 
tabolism of nitric oxide (NO) caused by increased gen- 
eration of the superoxide anion. In addition to being a 
vasodiiator, NO is an endogenous inhibitor of VSMC 
growth and migration (36), of the activity of the tran- 
scription factor NF-kB, and of the expression of proin- 
flammatory molecules (37). With an imbalance be- 
tween NO and reactive oxygen species (ROS), there is 
a propensity for vasospasm, VSMC proliferation, pro- 
thrombosis, and proinflammatory and prooxidant 
states. AT 2 receptor- mediated NO production is a well 
established phenomenon in various tissues and cells 
(38), and it can be assumed that this NO production 
might be involved in AT 2 receptor-mediated NF-kB 
inactivation. In addition, the possible interesting roles 
of the AT 2 receptor in NADPH oxidase and production 
of ROS need to be addressed in the near future to fully 
understand the molecular and cellular mechanisms 
of the antiinflammatory effect of AT a receptor 
stimulation. 



SHP-1 {lower panel) are shown. Values are the mean ± se of densitometric measurements (n = 3). B, Western biot and 
densrto metric measurements of IkB<x and IkB/3. Cytosolic IkBs were determined by Western blot as described in Fig. 3. Values 
are the mean ± se of densitometric measurements (n = 4). C, NF-kB binding activity determined by EMSA as described in Fig. 
2. D, MCP-1 mRNA expression assayed by Northern blot as described in Fig. 1. Values are the mean ± se of densitometry 
measurements (n = 7). Ang li, 1CT 7 m Ang IE; Val, 1CT 5 m valsartan; PD, 10" 5 m PD123319; Vanadate, 10 s m sodium 
orthovanadate; Okadaic acid, lO" 5 M okadaic acid; TNF-a, 2 ng/ml TNFa; CGP, lO -7 M CGP42112A. t, P < 0.0B vs. control, 
pcDNA3; t, P < 0.05 vs. Ang II, pcDNA3; *, P < 0.05 vs. control; §, P < 0.05 vs. Ang II. 
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Taken together, these results suggest that AT 2 re- 
ceptor stimulation antagonizes the effect of AT., 
receptor-mediated MCP-1 expression by dephos- 
phorylation of kB and consequent inhibition of nuclear 
translocation of NF-kB, and that SHP-1 is a critical 
phosphatase that mediates the antiinflammatory ac- 
tion of the AT 2 receptor. AT., receptor-activated NF-kB 
also induced proinflammatory genes, such as adhe- 
sion molecules, including vascular cell adhesion 
molecuie-1 and intercellular adhesion molecule-1, and 
inflammatory cytokines, such as IL-1 , TNFa, and IL-6, 
in addition to MCP-1 (39). The potential inhibitory ef- 
fects of AT 2 receptor stimulation on these proinflam- 
matory genes via NF-kB inactivation need to be further 
clarified, and detailed analysis will contribute to further 
understanding of the pathogenesis of vascular inflam- 
mation, atherosclerosis, and vascular remodeling. 



MATERIALS AND METHODS 



Cell Culture 

Fetal VSMC were prepared from the thoracic aorta of 
Sprague-Dawley rat fetuses (Clea Japan, Inc., Tokyo, Japan; 
embryonic d 20} and cultured in DMEM {Life Technologies, 
Inc., Gaithersburg, MD) supplemented with 10% fetal bovine 
serum as previously described (40). in addition to morpho- 
logical observation, the characteristics of VSMC were exam- 
ined by indirect immunofluorescence using a monoclonal 
antibody specific for a-smooth muscle (o-SM) actin (clone 
1A4; Sigma-Aldrich Corp., St. Louis, MO) (41). Cells at pas- 
sage 2-3 were used for the experiments. AT., and AT 2 recep- 
tor binding was measured as previously described (40). 

Northern Blot Analysis 

Rat fetal VSMC were grown in DMEM with 10% fetal bovine 
serum to a subconfluent state in 10-cm dishes and were 
incubated for an additional 24 h in serum-free DMEM to reach 
a quiescent stats. Cells were then treated with vehicle or Ang 
II (10~ 7 m) with or without valsartan (10 -5 m; provided by 
Novartis PharmaAG, Basel, Switzerland) or PD1 23319 (10~ s 
m; Sigma-Aldrich Corp.). To examine the involvement of 
phosphatase, cells were incubated with sodium orthovana- 
date (1 0" s m vanadate) or okadaic acid (10~ 5 m) for 1 6 h, then 
stimulated with Ang II. Recombinant rat TNF-a was pur- 
chased from Genzyme (Minneapolis, MN), An AT S receptor 
agonist, CGP42112A, was purchased from Sigma-Aldrich 
Corp. RNA was prepared from the cells using TRIzol reagent 
(Life Technologies, Inc.). To prepare the hybridization probe 
for MCP-1, RT-PCR was performed as previously described 
(4). PCR primers for MCP-1 were 5' -ACT GAA GCC AGC TCT 
CTC TTC CTC-3' (forward) and S'-TTC CTT CTT GGG TCA 
GCA CAG AC-3' (reverse). To verify the identities of the PCR 
products, we sequenced the PCR products and confirmed 
that the sequences of PCR products matched the predicted 
sequences. PCR-amplified DNA of MCP-1 was subcloned 
into pGEM-T Easy Vector (Promega Corp., Madison, Wl). 
After size fractionation on a denaturing agarose-formalde- 
hyde gel, total RNA (25 jxg) was transferred to a nylon mem- 
brane (Hybond-N'\ Amersham Pharmacia Biotech, Little 
Chalfont, UK). Hybridization was carried out with 32 P-labeled 
probes of rat MCP-1 cDNA and/or the 0.78-kb Pst\-Xba] 
fragment of human glyceraldehyde-3-phosphate dehydroge- 
nase in Rapid-Hyb buffer (Amersham Pharmacia Biotech, 
Piscataway, NJ). Densitometric analysis was performed us- 



ing an image scanner (GT-8000, Epson, Tokyo, Japan) and 
NIH image software. 



EMSA 

NF-kB DNA binding activity was determined using EMSA as 
previously described (42). Briefly, after stimulation, the cells 
were collected with a ceil scraper and suspended in buffer A 
[10 itim HEPES (pH 7.9), 0.5 mM phenyl methylsulfonyfluoride 
(PMSF), 1.5 mM MgCI 2 . 10 mw KCI, and 0.5 mwi dithiothreitol 
(DTT)] and homogenized with a Dounce homogenizer (Kontes 
Co., Vineland, NJ). Nuclear and cytosolic fractions were sep- 
arated by centrifugation at 1 ,000 X g for 15 min at 4 C, and 
the nuclear fraction was washed twice in buffer A and resus- 
pended in buffer C [20 mM HEPES (pH 7.9), 0.5 mM PMSF, 1 .5 
mM MgCi.,, 420 mM NaCI, 0.5 mM DTT, 0.2 mM EDTA, and 
25% (vol/vol) glycerol]. After incubation for 1 h at 4 C, the 
nuclear fraction was centrifuged at 10,000 x g for 30 min. 
The supernatant was dialyzed in buffer D [20 mM HEPES (pH 
7.9), D.5 itim PMSF, 0.1 mM KCI, 0.5 mM DTT, 0.2 mM EDTA, 
and 20% (vol/vol) glycerol] and then cleared by centrifugation 
and stored at -80 C until use. Specific oligonucleotide 
probes of NF-kB rat MCP-1 (5'-GTC TGG GAA CTT CCA 
ATG C-3') carrying the rat MCP-1 NF-kB consensus se- 
quence or its mutation (mutant NF-kB oligonucleotide, 5'- 
GTC TGG GAA C TC GG A ATG C-3'; mutatsd part is under- 
lined) were prepared as previously reported (43), labeled with 
[■y- 32 P]deoxy-ATP (3000 Ci/mmol; Amersham Pharmacia Bio- 
tech) and T4 polynucleotide kinase (Promega Corp.), and 
employed to examine the specificity of NF-kB binding to the 
rat MCP-1 gene. Nuclear extracts (1 0 fx.g} were equilibrated 
for 1 0 min in binding buffer [4% glycerol, 1 mM MgCI 2 , 0.5 mw 
EDTA, 0.5 mM DTT, 50 mM NaCI, 1 0 mM Tris-HCI (pH 7.5), and 
50 jig/ml of poly(dl-dC) {Pharmacia Biotech, Uppsala, Swe- 
den)], then the labeled probe (30,000 cpm) was added, and 
the mixture was incubated for 30 min at room temperature. 
Competition assays with a 50-fold excess of unlabeled 
NF-kB and mutant NF-kB oligonucleotides were performed 
to establish the specificity of the reaction. To examine the 
specificity of binding, 1 /ig anti-p65 or anti-p5D NF-kB anti- 
bodies {Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was 
added and incubated with nuclear extracts for 1 h before 
addition of labeled probe. Tha reaction was stopped by add- 
ing gel loading buffer (250 mM Tris-HCI, 0.2% xylene cyanol, 
and 40% glycerol) and was run on 4% acrylamide gel in 
Tris-borate-EDTA buffer. The gel was dried and exposed for 
autoradiography. 



Immunopreciprtation and Western Blot Analysis 

After stimulation with Ang II, with or without valsartan or 
PD123319, or stimulation with TNFee, with or without 
CGP42112A, the cells were quickly washed twice with 
HEPES-buffered saline and frozen in liquid nitrogen. The cells 
were lysed in lysis buffer [20 mM HEPES (pH 7.8), 1.5 mM 
MgCl 2 , 42D mM NaCI, 0.2 mM EDTA, 1 mM DTT, 0.5 mM 
PMSF, 10 /xg/ml aprotinin, 1 mM Na 3 V0„, and 1 mM NaF], and 
the supernatant fraction was obtained as the cell lysate by 
centrifugation at 1 2,000 rpm for 25 min at 4 C. The cell lysate 
(300-500 fig protein) was incubated with 1 fj.g anti-kBa 
(Santa Cruz Biotechnology, Inc.) or anti-lKBjS (Santa Cruz 
Biotechnology, Inc.) at 4 C for 12 h and precipitated by the 
addition of 25 ju.l protein A/G-agarose (Amersham Pharmacia 
Biotech). The immunoprecipitate was resuspended in 1X 
Laemmli sample buffer and run on 10% SDS-PAGE. The 
proteins were then transferred to nitrocellulose membrane 
(Amersham Pharmacia Biotech), blotted with antiphosphoty- 
rosine antibody 4G10 (Upstate Biotechnology, Inc., Lake 
Placid, NY) or anti-kBa:, !kB|3, p50, p65 {Santa Cruz Biotech- 
nology, Inc.), or ur-SM actin antibodies, and detected by an 
enhanced chemiluminescence method (Amersham Pharma- 
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cia Biotech). Densitometric analysis was performed using an 
image scanner {GT-8000, Epson) and NIH image software. 

Plasmid Constructs and Transfection 

The SHP-1 (C453/S) mutant cDNA was inserted into the 
pcDNA3 vector (1 6). Transient transfection was performed 
with 0.5 fug plasmid DNA/1 0-cm dish and Lipofectamine Plus 
(Life Technologies, Inc.) according to the manufacturer's in- 
structions (DNA:Lipofectamine:Plus ratio, 1:10:10 /jd). After 
transfection, the transfected cells were fed with complete 
growth medium for 48 h to allow protein expression. Trans- 
fected cells were identified by /3-galactosidase staining. The 
transfection efficiency determined using only the strongly 
stained cells was 26 ± 5%, similar to that previously reported 
(11). Overexpression of the SHP-1 (C453/S) mutant was con- 
firmed by immunoblotting with anti-SHP-1 antibody (Santa 
Cruz Biotechnology, Inc.). 

Measurement of Tyrosine Phosphatase SHP-1 Activity 

SHP-1 activity was determined as previously described (8). 
Cell lysates (1 mg protein) were immunoprecipitated with 
anti-SHP-1 antibody and protein G-Sepharose 4 Fast Flow 
(Amersham Pharmacia Biotech, Buckinghamshire, UK). The 
immunoprecipitates were washed three times with lysis 
buffer lacking NagV0 4 and NaF and once with phosphatase 
assay buffer [50 mM Tris-HCl (pH 7.0), 1 mM EDTA, 5 mM DTT, 
and 0.01% Brij35 solution]. Protein tyrosine phosphatase 
activity was measured as the release of pPJorthophosphate 
from [y-^PjATP-radiolabeled myelin basic protein. 



Statistical Analysis 

Results are expressed as the mean ± se in the text and 
figures. Data were analyzed using ANOVA. If a statistically 
significant effect was found, the data were further analyzed 
by Dunnett's test to detect the difference between the 
groups. Statistical significance was assumed for P < 0.05. 
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